Characterization of cobalt porphyrin coordination polymer: Ab initio structure by DFT method. by Fong, Ching-yee. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
Characterization of Cobalt Porphyrin Coordination 
Polymer 一 Ab initio Structure by DFT Method 
FONG Ching-yee 
A Thesis Submitted in Partial Fulfilment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Chemistry 
© The Chinese University of Hong Kong 
July 2002 
The Chinese University of Hong Kong holds the copyright of this thesis. 
Any person(s) intending to use or whole of the materials in the thesis in a 
proposed publication must seek copyright release from the Dean of the 
Graduate School. 
fL/统系|^書圖\，、 
fe( 1 9 B 2® j | 
UNIVERSITY i M / J 
^ X L I B R A R Y S Y S T E M力 y 
Thesis Committee 
Supervisor: 
Prof. Steve C . F . A u - Y e u n g 
Examining Board: 
Prof. D e n n i s K . P . N g ( C h a i r m a n ) 
Prof. Steve C . F . A u - Y e u n g 
Prof. R a y m u n d W . M . K w o k 
Prof. H . Q . L i u 
ABSTRACT 
Metalloporphyrin p o l y m e r s h a v e b e e n of continued interest because of their versatility in 
applications to a w i d e variety of fields. This is m a d e possible through the different 
linkage patterns at several binding sites o n both the porphyrin plane a n d at the metal 
centers. This thesis is focused o n Cobalt - Porphyrin - G o l d ( C o - P o r - A u ) p o l y m e r s 
w h e r e b y the role of the corresponding phenyl subsitutents towards the electronic 
properties w a s studied. T h e s e p o l y m e r s w e r e obtained b y the reaction b e t w e e n cobalt 
tetra(para-subsitituted-phenyl)porphyrin a n d gold (III) chloride, to give, axially linked 
p o l y m e r s with repeating - C I - C o P o r - C N - A u - units. In short, gold ions w e r e 
captured with their linkage pattern similar to stacked phthalocyaninato ( P c M ) transition 
metal c o m p l e x e s a n d that both systems exhibit interesting semi-conducting property. B y 
m o d i f y i n g the para-substituted-phenyl substitutent at the m e s o carbon o n the porphyrin 
plane, the conductivity of C o - P o r - A u p o l y m e r can b e m o d u l a t e d . T w o m o d e l s will b e 
explored here, they are tetraphenyl-substituted C o - P o r - A u p o l y m e r ( T P H P ) a n d 
tetra(para-cyanophenyl)-substituted C o - P o r - A u p o l y m e r ( T P C N P ) . Their structures w e r e 
optimized b y Gaussian 9 8 P a c k a g e to obtain the g e o m e t r y o f the m o n o m e r , w h i c h 
resulted in non-planar ruffled C2v structures in both cases. T h e s e structures w e r e further 
studied b y V A S P ( V i e n n a Ab initio Simulation P a c k a g e ) to determine the g e o m e t r y o f 
their repeating unit structures. F o r T P H P , a linear axially linked stacked p o l y m e r w a s 
obtained a n d t w o metal ions, cobalt a n d gold, are present along the polymeric chain. 
T h e electronic structures of these p o l y m e r s w e r e also studied a n d the calculated band-
g a p value w a s f o u n d to b e c o m p a r a b l e to that o f experimental. Therefore, this w o r k 
iii 
serves as a demonstration that overview of structural information of p o l y m e r s could b e 
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This thesis focuses o n the investigation of the structures a n d electronic properties 
o f Cobalt Porphyrin G o l d ( C o - P o r - A u ) p o l y m e r determined b y the use o f theoretical 
m e t h o d . T w o m o d e l s will b e discussed, n a m e l y : tetraphenyl-substituted C o - P o r - A u 
P o l y m e r ( T P H P ) a n d tetra(para-cyanophenyl)-substituted C o - P o r - A u P o l y m e r ( T P C N P ) . 
B o t h the m o n o m e r s , i.e. the repeating units of the p o l y m e r , a n d infinitely long p o l y m e r s 
will b e investigated. 
F o r each m o d e l , the m o n o m e r unit structure w a s constructed a n d optimized using 
the Gaussian 9 8 P a c k a g e . • T h e V i e n n a ab-initio Simulation P a c k a g e ( V A S P ) : w a s 
applied to study the optimized structure o f the g e o m e t r y a n d electronic structure o f the 
p o l y m e r . Finally, the g e o m e t r y a n d the b a n d g a p value for each m o d e l w a s obtained 
from the energy curve a n d b a n d d i a g r a m respectively. 
1.1 Importance and Recent Development in Metalloporphyrin 
T h e d e v e l o p m e n t o f metalloporphyrin w a s motivated b y the interest to m i m i c 
a n d i m p r o v e natural metalloporphyrin systems, especially those that are relevant in 
biological systems. F o r e x a m p l e , the hemoproteins or m e m b r a n e - b o u n d e n z y m e s , 
w h i c h include highly ordered metalloporphyrin arrangements as active sites a n d 
cooperatively allow sequential reactions through the porphyrin moieties. In 
photosynthesis, porphyrinic c o m p l e x e s in the m e m b r a n e - s p a n n i n g protein mediate the 
first steps. T h e highly ordered geometrical arrangement o f the redox centers facilitates 
extremely fast electron transfer with high q u a n t u m efficiency.〗’ 4 
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A p a r t f r o m the recognition of metallopoiphyrins present in the biological 
systems, porphyrins containing other metal centers h a v e also b e e n studied. Coordination 
b y addition, elimination a n d substitution of axial ligands also received extensive 
evaluation.^ Recently, a large variety o f coordination types h a v e b e e n reported, these 
include self-assembly of diverse metalloporphyrin molecular-sieve materials,^ 
conductive porphyrin films? a n d self-assembled porphyrin p o l y m e r via the coordination 
with different binding sites etc.^' ^  
1.2 Structure of Metalloporphyrin 
Metalloporphyrin is defined as a n y porphyrin derivative in w h i c h at least o n e o f 
the central nitrogen a t o m s o f a porphyrin H 2 ( P ) f o r m s a b o n d to a metal a t o m . T h e 
simplest case is the monometallic metallopoiphin M ( P ) , w h i c h is s h o w n in Figure 1.1.5 
/ \ / 
KM 
Figure 1.1: T h e structure o f monometallic metalloporphyrin M ( P ) . 
N o r m a l l y � t w o separate regions f r o m the center o f the porphinato core are 
classified within the context o f coordination chemistry. T h e region, w h i c h contains the 
four central nitrogen a t o m s a n d extends to the peripheral carbon a t o m s is called the 
“equatorial plane". In coordination chemistry, porphyrin with four-coordinate, square-
planar g e o m e t r y is rare. M o s t central metal ions in porphyrins will take u p additional 
2 
d o n o r ligands to complete their coordination sphere as a m e a n of achieving 
electroneutrality for the w h o l e system. T h e s e d o n o r ligands normally sit o n the fourfold 
rotation axis o f the metalloporphyrins a n d are therefore called "axial ligands".^ 
T h e formation o f this metalloporphyrin involves the reaction o f the porphyrin 
free acid H
2
( P ) with a metal salt M X 2 , producing M ( P ) a n d the corresponding acid H X 
as a side-product. This process is called metalation as demonstrated in Equation (1.1). 
H 2 ( P ) + M X 2 M ( P ) + 2 H X (1.1) 
F o r metalation, it is advisable to use metal carriers that h a v e the metal in its 
lowest a n d readily accessible oxidation state because o f the electrostatic interactions 
b e t w e e n metal ions a n d the anions X " in metal salt. F o r a given oxidation state, the 
metal ion preferring a l o w coordination n u m b e r will b e m o r e easily inserted into the 
porphyrin plane. 
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1.3 General Properties of Metalloporphyrin 
Porphyrins a n d their various metal c o m p l e x e s h a v e distinctly different spectra. 
After purification, the metalloporphyrin m a y b e identified b y the absorption m a x i m a 
(入max) a n d extinction coefficients ( e ) of its absorption spectrum. T h e visible absorption 
spectra of s o m e derivatives of octaethylporphyrin (Figure 1.2) serves to illustrate their 
optical characteristics.^'⑴ 
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Figure 1.2: Visible absorption spectra of s o m e derivatives of octaethylporphin. In the 
m e a s u r e m e n t , C H 2 C I 2 w a s used as solvent, E = absorbance a n d X is in n m ; 
the digits in spectrum give Xmax (log g in brackets). F o r spectrum A , 一 
stands for H 2 ( 0 E P ) ;…st a n d s for H 4 ( O E P ) 2 + , both in 10 % CF3COOH. F o r 
spectrum B , 一 stands for Z n ( O E P ) ;…s t a n d s for P t ( O E P ) . F o r spectrum C , 
— s t a n d s for F e ( O E P ) ;…st a n d s for [ F e ( 0 E P ) ] 2 0 in benzene. 
4 
F r o m Figure 1 . 2， Z n ( O E P ) ( S p e c t r u m B ) consists o f the a - b a n d at 5 7 0 n m , the 
P - b a n d at 5 3 0 n m a n d the Soret b a n d at 4 0 0 n m . 
In general, porphyrins s h o w four absorption b a n d s in the visible region, w h i c h 
are labeled I-IV丨丨’丨：as their energy increase ( e > A very intense b a n d , the Soret 
b a n d occurs a r o u n d 4 0 0 n m in the near ultraviolet ( g > 10^). In m o s t cases, the 
formation o f a metalloporphyrin will result in the four-banded spectrum collapsing into 
a n essentially t w o - b a n d e d o n e in the visible region. H o w e v e r , the Soret b a n d m a y 
r e m a i n in the usual range or shifted to higher or l o w e r energy. Insertion o f metal m a y 
cause n e w b a n d s in s o m e cases, w h i c h m a y originate f r o m the charge-transfer type 
b a s e d o n their intensity profiles. H o w e v e r , n o d-d transitions f r o m metal ions are 
involved because these transitions are normally hidden u n d e r the strong transitions o f 
the porphyrin ligand. Therefore, the m e a s u r e m e n t o f the absorption spectrum c a n b e 
u s e d to ascertain the formation o f a corresponding metalloporphyrin during the 
synthesis.^ 
F o r the axial ligand identification, I R spectrum can b e u s e d b e c a u s e the metal-to-
ligand vibrations are frequently very characteristic, the exception being the metal-to-
nitrogen vibrations w h i c h are difficult to recognize in I R s p e c t r u m o f a 
metalloporphyrin. M a n y axial ligands h a v e their o w n distinct inner vibrations. F o r 
example，the metal-ligand moieties in the chemical equations h a v e the following typical 
b a n d s , 
M ( P ) O M e + H 2 O . - M ( P ) O H + M e O H 
2 M ( P ) 0 H - [ M ( P ) ] 2 0 + H 2 O 
M ( P ) O M e + H C I - - M ( P ) C I + M e O H 
M ( P ) ( 〇 M e ) 2 + H 2 O > ‘ M ( P ) ( 0 H ) 2 + 2 M e O H 
5 
M ( P ) ( 0 H ) 2 ^ � M ( P ) 0 + H 2 O 
M ( P ) ( 0 H ) 2 + 2 H C I ~ M ( P ) C l 2 + 2 H 2 O 
M ( P ) ( 0 M e ) 3 + H 2 O - M ( P ) ( 0 ) ( 0 M e ) + 2 M e O H 
2 M ( P ) ( 0 ) ( 0 M e ) + H 2 O - [ M ( P ) 0 ] 2 0 + 2 M e O H 
[ M ( P ) 0 ] 2 0 + 2 H C I - 2 M ( P ) ( 0 ) C I + H f i 
w h e r e (P) stands for porphyrin: M O - H is around 3 5 8 0 - 3 6 4 0 cm'^; M = 0 is a r o u n d 820-
1 1 0 0 cm-'; M - O - H is around 6 3 0 - 9 0 0 cm"'; M - 0 is around 4 5 0 - 6 5 0 cm'^ or e v e n higher 
in values a n d M - C l is around 2 6 0 - 3 6 0 
M o r e o v e r , R a m a n a n d r e s o n a n c e - R a m a n spectra also allow the identification o f 
axial ligands, as well as the elucidation o f geometric features. 
S o m e metalloporphyrins are unstable u n d e r atmospheric conditions such as air， 
moisture a n d light, a n d that exposes to air a n d light m a y lead to photooxidation o f the 
porphyrin ligand. If the photooxidation is followed b y fission o f the macrocycle, the 
c o m p l e x e s are m o r e easily demetalated, w h i c h can b e confirmed readily b y the 
discoloration o f the zones in chromatographic c o l u m n s a n d spots in thin-layer 
c h r o m a t o g r a m s . In general, the light sensitivity o f metalloporphyrin increases with its 
fluorescence activity a n d its stability t o w a r d acids. Falk'^ has divided the 
metalloporphyrins into five stability classes, according to their acid resistance properties. 
H e has tested various physiochemical parameters o f the metal ions a n d has f o u n d that 
the different stability class o f metalloporphyrin can b e predicted in terms o f a stability 
index, ^ i, 
《 7 (1.2) 
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In Equation (1.2 )，Z is the charge n u m b e r o f the metal ion; x is the Pauling 
electronegativity o f the central metal a n d n is the effective ionic radius o f the metal ion 
with charge Z in 人 unit a n d appropriate coordination n u m b e r a n d spin state. T h e 
2 
charge-to-radius ratio ( - ) accounts for the electrostatic contribution to the b o n d energy, 
巧 ， 
w h e r e a s the electronegativity, x , considers the covalent b o n d i n g tendency o f the metal 
concerned. Therefore, the metal center with high charge, high electronegativity a n d 
small radius tends to e n h a n c e its stability t o w a r d acid. 
1.4 Linkage Patterns of Metalloporphyrin Polymers 
T h e polymerization o f metalloporphyrin has b e e n actively developed recently. 
T h e s e p o l y m e r s h a v e versatile applications in sensing, optoelectronics a n d catalytic 
reaction etc. T h e polymerization of metalloporphyrin can take place because the 
metalloporphyrin itself is flat, rigid a n d thermally stable. A s coordination linkage 
a l w a y s exists in metalloporphyrin c o m p l e x e s , it readily adopts f o r m s that are 
tetrafunctionalized a n d symmetrical a n d is connected to other unit through both metal 
center a n d peripheral substitutents. T h u s , the construction o f various infinite structures 
b y metalloporphyrin is achievable. 
In fact, metalloporphyrin p o l y m e r s with different coordination linkage pattern 
h a v e b e e n obtained. F o r e x a m p l e , the zigzag conformation o f polyporphyrinatozinc(II) 
c o m p l e x e s (Figure 1.3). T h e 5-pyridyl-10,15,20-triphenylporphinatozinc(II) f o r m s 
p o l y m e r in CHCI3 through coordination b e t w e e n the pyridine o n the porphyrin periphery 
a n d the central zinc o f a n adjacent porphyrin. 
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Figure 1.3: T h e zigzag conformation o f polyporphyrinatozinc(II) c o m p l e x e s . 
A conjugated "porphyrin ladder" has b e e n prepared b y Anderson!、in w h i c h 
conjugated butadiene-linked porphinatozinc(II) dimers f o r m stable 2:2 ladder c o m p l e x 
with l�4-diazabicyclo[2�2,2]octane. T h e planar structure o f this polyporphyrin ladder is 
s h o w n in Figure 1.4.3 
Figure 1.4: Planar structure o f polyporphyrin ladder. 
T h e construction o f the n a n o p o r o u s I D coordination p o l y m e r s o f freebase 
porphyrin (Figure 1.5)，is also possible, w h i c h is constructed b y each tetrahedrally 
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coordinating H g l : with a pyridyl moiety o f t w o T P y P molecules. In each polymeric 
chain，the H g a t o m s are coplanar a n d each T P y P molecule is titled b y 10。with respect to 
the plane. This supramolecular p o l y m e r containing the freebase porphyrin utilizing 
functionality external to the cavity m a y allow selective metalation a n d demetalation of 
the cavity without disturbing the overall crystalline architecture. In this case, partially 
metalated coordination p o l y m e r s is obtained with 3 0 % , 5 0 % a n d 7 5 % Z n ^ ^ o c c u p a n c y 
respectively, 
/ 0 \ M / Q \ m 〉 0 ( m 〉 〇 ( metalloporphyrin 
Figure 1.5: Partially metalated coordination p o l y m e r s o f n a n o p o r o u s I D coordination 
p o l y m e r s o f freebase porphyrin, Z n ^ ^ o c c u p a n c y is either 3 0 , 5 0 , 7 5 % in the 
c o m p l e x e s characterized. 
O t h e r m o d e s o f linkage such as ligand bridged, stacked porphyrin p o l y m e r s h a v e 
also b e e n studied. In m o s t cases, the driving force for the formation o f these 
polyporphyrins is the interaction b e t w e e n the metal ions separated b y a bridging g r o u p 
L . F o r e x a m p l e , me5(?-tetrakis(4-«-hexylphenyl)porphryinatoiron-derived p o l y m e r s 
(Figure 1.6) are p r o d u c e d b y the reaction o f this iron porphyrin with diisocyanoaryl 
ligands. i H N M R analysis confirmed that these p o l y m e r s h a v e in repeating units o f 10 
a n d 5. This type o f coordination p o l y m e r is similar to that studied in this thesis, the C o -
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o 
Figure 1.6: One-dimensional stacked porphyrin p o l y m e r . 
1.5 Reasons for Studying Co-Por-Au Polymer 
B e c a u s e o f the structural similarities b e t w e e n porphyrins a n d phthalocyanines, 
ligand-bridged stacked porphyrin p o l y m e r s w e r e synthesized in the s a m e fashion as 
phthalocyaninesi6’i7 (Figure 1.7). In these phthalocyanine p o l y m e r s , they are linked 
through a bidentate conjugated organic ligand such as pyrazine, tetrazine, cyanide or 
thiocyanide. 
y to y 
(f| 
Figure 1.7: Structure o f pyrazine-bridged phthalocyanine p o l y m e r . 
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C o l l m a n et al." h a v e investigated the formation a n d properties o f pyrazine-
bridged octaethylmetalloporphyrins p o l y m e r (Figure 1.8), [ ( O E P ) M ( p y z ) ] n , w h e r e O E P 
is octaethylporphyrin a n d M is iron, r u t h e n i u m or o s m i u m ion. 
Figure 1.8: Structure o f pyrazine-bridged octaethylmetalloporphyrin p o l y m e r s , w h e r e M 
is r u t h e n i u m , o s m i u m or iron. 
F o r these p o l y m e r s , they h a v e long 7i-electron systems so that they c a n act as a n organic 
s e m i c o n d u c t o r , w h i c h exhibit high electrical conductivities, a b o u t 10'^ to 10'^ Q ' ^ c m ' V ^ ^ 
T h e electron transport in these systems proceeds exclusively along the metal-pyrazine 
b a c k b o n e rather than the m a c r o c y c l e s to support the conduction. 
F o r the synthesis o f these p o l y m e r s , they are prepared b y addition o f 2 equivalent 
pyrazine to the r u t h e n i u m or o s m i u m metalloporphyrin d i m e r [ ( 0 E P ) M ] 2 in toluene 
E q u a t i o n (1.3) or b y a 1:1 reaction b e t w e e n [ ( O E P ) F e ] a n d pyrazine E q u a t i o n (1.4).3�4 
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C ^ N^ A 
0.5 + 丨 m ~ N. N — — （1.3) 
V v T “ 
M = Ru, O s L J n 
A \ f \ ^ 
Fe + I F e N 、 N — — (1.4) 
U 、； V “ 
- J n 
where = octaethylporphyrin 
H o w e v e r , in the C o - P o r - A u polymer, because the gold ion locates in the axial 
ligand chain, t w o metal ions are therefore present in this metalloporphyrin polymer, 
w h i c h is linked through a bimetallic linkage system. In this stacked ligand-bridged 
porphyrin polymer, cobalt a n d gold ions are linked along the axial polymeric chain with 
c y a n o group a n d chloride ion rather than a direct connection b y bidentate conjugated 
organic ligands. Experimentally it is well k n o w n that porphyrin polymers s h o w semi-
conducting behaviour. 18 Therefore, it is expected that the systems under investigation 
w o u l d exhibit semi-conducting property a n d its conductivity can b e manipulated b y 
modification of the peripheral substituents. In short, polymers with potentially different 
electronic properties can b e easily obtained f r o m the C o - P o r - A u p o l y m e r b y changing 
the para-substituted a t o m or group at the peripheral phenyl group at the m e s o carbon of 
the porphyrin, X. Study of this type of bimetallic porphyrin p o l y m e r hasn't b e e n 
undertaken, therefore the goal of this thesis is to explore the linkage integrity a n d 
evaluate their properties of the C o - P o r - A u p o l y m e r through a bimetallic platform. 
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CHAPTER TWO 
Cobalt Porphyrin Gold (Co-Por-Au) Polymer Model 
For the C o - P o r - A u p o l y m e r pursued in this study, gold (III) ion w a s used as a 
template to assist in the assembly of cobalt tetraphenylporphyrin c y a n o complexes, 
N a ( C o " ^ T P x P ) ( C N ) 2 . Apart f r o m the synthesis of this polymer, its electrical property 
w a s also studied. 
All the synthesis a n d experiments of C o - P o r - A u p o l y m e r w e r e performed b y the 
previous postdoctoral fellow in our group. 
2.1 Synthetic Scheme 
T h e C o - P o r - A u polymers w e r e prepared according to the synthetic s c h e m e in 




f r V > 
NaCN/MeOH r \ AuClg 
^ ^ ^ 十 》 N a + 二 二 C O 舉 Polymer 
O ^ X i 
R 
Na[CoiiiTP 尸(CN)2] 
^ „ For TPHP. X = H 
Where F o r T P : P , X = C N 
Figure 2.1: T h e synthetic s c h e m e of C o - P o r - A u polymer. 
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Firstly, the cobalt(II) tetraphenyl-substituted metalloporphyrin (Co"(TPxP)) w a s 
prepared b y the reaction with the corresponding free base porphyrin a n d cobalt(II) in 
D M F solution. Cobalt(III) tetraphenyl-substituted porphyrin c y a n o complexes, 
N a ( C o " ^ T P x P ) ( C N ) 2 w a s produced b y the oxidation of the metal center in the presence 
o f s o d i u m cyanide. A solution of 0.2 m m o l of N a ( C o " ^ T P x P ) ( C N ) 2 in 5 0 m L dry 
ethanol w a s a d d e d to a solution of 0.4 m m o l of gold(III) chloride in 10 m L dry ethanol 
b y cannula. T h e solution w a s then stirred for 3 hours b e t w e e n 7 0 - 75 °C under 
nitrogen, w h i c h produced near-black precipitates in the solution. Later the solution w a s 
cooled d o w n . T h e solid inside w a s filtered out under o p e n atmosphere a n d it w a s 
w a s h e d several times with water a n d ethanol, a n d finally it w a s dried in vacuo at r o o m 
temperature for seven days. After complete drying, the C o - P o r - A u p o l y m e r w a s 
obtained. 
2.2 Experimental Results and Related Properties 
Elemental analysis results (Table 2.1) obtained for the C o - P o r - A u p o l y m e r 
suggests that the m o s t suitable empirical formula of tetraphenyl-substituted C o - P o r - A u 
p o l y m e r ( T P H P ) is ( C o " T 4 4 H 2 8 N 4 ) ( C N ) A U T R 0 . 5 C 2 H 5 0 H H 2 0 a n d that of tetra(para-
cyanophenyl)-substituted C o - P o r - A u p o l y m e r ( T P C N P ) is 
(CoIiiC48H24N8)(CN)AUIC1 O . 5 C 2 H 5 O H 1 . 5 H 2 O . 
Table 2.1: Elemental analysis results of the C o - P o r - A u polymer. 
Elemental Analysis Results [Calculated (found)] (%)  
Polymer Model q JJ n 
- TPHP - 5 5 . 5 9 ( 5 5 . 9 ^ 2.80(3.21) 11.67(11.43) 
— T P c n P 56.89 (56.95) 3.43 (3.78) 7.21 (7.40) 
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Excluding those a t o m s for the cobalt porphyrin a n d the corresponding peripheral 
substitutents f r o m that in the empirical formulae, the remaining a t o m s w e r e the c y a n o 
group, gold ion a n d chloride ion, w h i c h should b e located as the axial ligands. 
Additional structural information w a s obtained f r o m the X-ray photoelectron 
spectroscopy ( X P S ) m e a s u r e m e n t s (Figure 2.2). 
2.5 
CO-TPCNP-AU 畠 
^ ^ polymer 
？ 1.5 
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Au4f 7/2 binding energy (eV) 
Figure 2.2: X P S m e a s u r e m e n t of C o - P o r - A u polymer. 
It s h o w e d that there w a s a gradual but complete reduction of gold ion f r o m 
Au(III) to Au(I) during the synthesis. C o m p a r i n g with other gold complexes, the Au(I) 
ion in the p o l y m e r w a s expected to f o r m simple two-coordinated linear c o m p l e x e s / ^ 
M o r e o v e r , I R spectroscopy m e a s u r e m e n t detected 100 c m " ' blue shift of the c y a n o 
group, indicating that the c y a n o group should b e bridged b e t w e e n Co(III) a n d Au(I) ions 
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along the polymeric chain. Therefore, the p o l y m e r should plausibly contain the -
C o " ^ T P x P - ( c y a n o g r o u p ) - A u - C l - unit. 
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F o r the conductivity m e a s u r e m e n t s of the C o - P o r - A u p o l y m e r , 4-probe 
resistivity (p) m e a s u r e m e n t w a s introduced. W h e n In p w a s plotted against the 
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Figure 2.3: Four-probe resistivity m e a s u r e m e n t o f the p o w d e r s o f C o - P o r - A u p o l y m e r . 
T h e obtained resistivity decreased with increasing temperature thus confirming 
typical semi-conducting property. T h e conductivity o f a semiconductor decreases as the 
temperature decreases because less energy is available to p r o m o t e electrons f r o m the 
F e r m i level (the highest occupied state) across the b a n d g a p . T h e b a n d theory o f 
insulators, semiconductors a n d metals can b e simply s u m m a r i z e d in Figure 2.4. W h e n 
the energy g a p b e t w e e n the valence b a n d a n d the conduction b a n d is large, the material 
is a n insulator. A s this g a p decreases, thermal excitation o f electrons f r o m the valence 
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b a n d to the conduction b a n d is possible a n d the material b e c o m e s a n intrinsic 
semiconductor. W h e n the g a p b e t w e e n the b a n d s is small, the material behaves as a 
metal. Usually, metals h a v e partly filled b a n d s a n d the E g of insulators a n d 
. 22 
semiconductors are over 4 e V a n d b e l o w 2 e V respectively. 
H R 
...1 .• •、+、 
；.'.... 
Insulator Semiconductor Metal 
Figure 2.4: B a n d theory: Illustration of insulators, semiconductors a n d metals. T h e 
s h a d e d areas represent electronic states occupied b y electrons a n d E g is the 
energy g a p b e t w e e n occupied a n d e m p t y states. 
T h e b a n d g a p values o f T P H P a n d T P C N P w e r e 1.38 e V a n d 2.04 e V respectively, 
w h i c h is b e l o w a n d a r o u n d 2 e V . This result confirms the semi-conducting property o f 
the C o - P o r - A u P o l y m e r again. In general, there are correction factors (F) in the 4-probe 
resistivity m e a s u r e m e n t because semiconductor wafers are not semi-infinite in extent in 
either the lateral or the vertical dimension. T h u s , it is required to h a v e correction for 
finite geometries. T h e resistivity (p) can b e expressed as follows, 
fV\ 
p = 2nsF - (2.1) 
V ^ / 
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F o r collinear probes with equal probe spacing, F is usually a product of several 
independent correction factors, w h i c h includes the corrections for s a m p l e thickness, 
corrections for lateral s a m p l e dimensions a n d corrections for placement of the probes 
relative to the s a m p l e edges. F o r very thin samples, 
p = 4 . 5 3 2 ^ y (2.2) 
w h e r e p is resistivity, t is the wafer or layer thickness, V is voltage a n d I is current.，〕As 
• 2 1 
conductivity (a) c a n b e expressed in the following equations, 
o - o c e ^ (2.3) 
(7 = 丄 （2.4) 
P 
c o m b i n i n g Equations (2.2) to (2.4)，the correction factor for the b a n d g a p value (Eg) is 
about 1.511. Therefore, the E g o f T P h P a n d T P c n P are in the range o f 1.38 e V to 2.09 
e V a n d 2.04 e V to 3.08 e V . 
2.3 The Structure of Co-Por-Au Polymer 
B a s e d o n results obtained from the different techniques, t w o p o l y m e r m o d e l s are 
suggested as s h o w n in Figure 2.5, the tetraphenyl-substituted C o - P o r - A u p o l y m e r 
( T P H P ) a n d tetra(para-cyanophenyl)-substituted C o - P o r - A u p o l y m e r ( T P C N P ) . F o r 
convenience, the p o l y m e r is abbreviated in the f o r m T P x P , w h e r e X is the para-
substituted a t o m or g r o u p at the peripheral phenyl g r o u p at the m e s o carbon o f the 
porphyrin. Stacked or face-to-face orientated p o l y m e r w a s f o r m e d a n d separated b y 
bridging ligands. F r o m the experimental results, the p o l y m e r should contain the — 
C o ' " T P x P - ( c y a n o g r o u p ) - A u - C l - unit. T h e side v i e w o f the p o l y m e r with t w o possible 
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axial coordination m o d e s , i.e. C l - C o T p p - C N - A u a n d C l - C o T p p - N C - A u coordination 
m o d e are s h o w n in Figure 2.6. For each p o l y m e r m o d e l , both axial coordination m o d e s 
w e r e studied. For convenience, the coordination modes of the CN group in Cl-
CoTpp-CN-Au and Cl-CoTpp-NC-Au to Au is defined as -(CN)' and -(NC)-. 
X 
A 
X 姊 c C ^ x 
X 
Figure 2.5: T h e top v i e w of C o - P o r - A u p o l y m e r a n d is represented as T P x P , w h e r e X is 
the para-substituted a t o m or group at the peripheral phenyl group at the m e s o 




伞 C p 
a a 
Cl-CoTpp-CN-Au Cl-CoTpp-NC-Au 
Figure 2.6: Different coordination m o d e in the axial ligand in C o - P o r - A u polymer. 
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H o w e v e r , similar to other polyporphyrin c o m p l e x e s , the C o - P o r - A u p o l y m e r is 
insoluble in c o m m o n organic solvent. Thus repeat attempts to obtain single crystals had 
failed and no structural information of the polymer could be obtained using technique 
such as X-ray crystallography. This handicap has left us with n o choice to develop 
alternative structure challenge m e t h o d for properties. Chapter 3 o f this thesis will 
demonstrate the effectiveness of the application of ab-initio m e t h o d at the D F T level for 
structure characterization o f porphyrin a n d its p o l y m e r . 
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CHAPTER THREE 
Structure Characterization of Co-Por-Au Polymer by DFT 
Method 
3.1 Quantum Chemical Calculations 
Q u a n t u m m e c h a n i c s states that the energy a n d other related properties of a 
molecule m a y b e obtained b y solving the Schrodinger equations ( H Y = Ev}/). T h e 
time-independent Schrodinger equation describes the wavefunction of a particle as 
follows: 
‘ 2 " 
= (3.1) 
8;rm J 
a n d the operator del, V , is equivalent to partial differentiation with respect to x, y a n d 
z c o m p o n e n t s : 
二 A 二 A 二 A 
H'+P+ik (3.2) 
In Equation (3.1), if/is the wavefunction, m is the m a s s of the particle, h is Planck's 
constant, a n d V is the potential field. T h e c o m p l e x conjugate of i//(y/y/*) is often 
written as \\\ff, w h i c h is interpreted as the probability distribution o f the particle. 
A n a t o m or molecule can b e regarded as a collection o f particles. In this case, 
^^ w o u l d b e a function o f the coordinates. T h e electron is lighter than the neuclei b y 
three order o f m a g n i t u d e , a n d the nuclear configuration is a s s u m e d fixed w h e n 
treating the electronic wavefunction. This is so-called B o m - O p p e n h e i m e r 
approximations. T h e physical properties o f the a t o m or m o l e c u l e can b e obtained b y 
solving I / / i n the Schrodinger equation. B e c a u s e H F m e t h o d is inefficient, this study 
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has opted for the application of Density Functional T h e o r y ( D F T ) to the study of the 
m o n o m e r a n d p o l y m e r systems in question. 
3.2 Density Functional Theory 
D F T w a s suggested b y H o h e n b e r g a n d K o h n in 1964.24 D F T is used to 
simplify the m a n y - b o d y p r o b l e m b y considering the electronic charge density as the 
fundamental variable rather than the wavefunction. It is a g r o u n d state theory that 
incorporates e x c h a n g e a n d correlation ( X C ) effects. C o m p a r i n g with post-Hartree-
F o c k m e t h o d s such as M P 2 m e t h o d , D F T is computationally m o r e efficient in 
treating the X C effect. T h u s , D F T w a s c o m m o n l y used in the last decade a n d acted 
as a m e t h o d for obtaining accurate results at l o w cost. 
The Hohenberg-Kohn Theorem 
T h e H o h e n b e r g - K o h n theorem^"^' 25 states that if N interacting electrons m o v e 
in an external potential Vext(r), the ground-state electron density po(r) minimizes the 
functional 
对 = F狀 [ P ] + pi^)Vextdr (3.3) 
w h e r e F H K [ P ] is the H o h e n b e r g - K o h n functional a n d the m i n i m u m value o f the 
functional E is E。，which is the exact ground-state electronic energy. 
Eo\po\ = Fhk\po\+ po{r)VNedr (3.4) 
B y the use o f the variational principle, the following result is obtained, 
E\po{r)] = Eo (3.5) 
W h e n the true g r o u n d state density [po(r)] is used in calculation, the true g r o u n d state 
energy (E。）can b e obtained. 
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The Kohn-Sham Approach 
K o h n a n d Sham】，’ 26 suggested a w a y to determine the u n k n o w n universal 
functional. 
F [ p ] = T + V e e y /、 (3.6) 
T h e y w e r e deal with the s a m e w a y that kinetic energy is determined. T h e y 
introduced the concept o f a non-interacting reference system built from a set o f 
orbitals，i.e. o n e electron functions, such that the m a j o r part o f the kinetic energy can 
b e c o m p u t e d to high accuracy. T h e remainder is m e r g e d with the non-classical 
contributions to the electron-electron repulsion. B y this m e t h o d , all possible 
information is c o m p u t e d exactly, leaving only a small part o f the total energy w h i c h 
can only b e determined b y a n approximate functional. 
K o h n a n d S h a m separated the universal functional into three distinct parts, 
F[P{R)] = M R ) ] ^ J [ P { R ) ] ^ E M 7 ) ] (3.7) 
w h i c h contains the individual contributions o f the kinetic energy, the classical 
C o u l o m b interaction a n d the non-classical portion correcting for the self-interactions 
correction, e x c h a n g e (i.e. antisymmetry) a n d electron correlation effects. T h u s , the 
functional E b e c o m e s 
^ 厂 12 
(3.8) 
T h e exchange-correlation energy (E^c) here is the functional w h i c h contains 
everything that is u n k n o w n . E狀 contains not only the non-classical effects o f self-
interaction correction, e x c h a n g e a n d correlation ( w h i c h are the contributions to the 
potential energy o f the system), but also a portion belonging to the kinetic energy. 
B y use o f procedures similar to Hartree-Fock A p p r o x i m a t i o n , the variational 
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principle a n d through comparison to the K o h n - S h a m operator, the potential of 
exchange-correlation energy can b e expressed as follows, 
(3.9) 
W h e n Equation (3.9) is solved, the ground state energy of an interacting system can 
b e obtained. H o w e v e r , Exc remains an u n k n o w n value w h i c h can b e obtained b y 
approximation only. A m o r e detail description of D F T is given in A p p e n d i x I. 
3.3 Computational Details 
For all the m o n o m e r ' s calculation, the geometry optimization a n d vibration 
frequency w e r e calculated using the Gaussian 9 8 Package，！ with 28 
functional a n d basic sets for all m o n o m e r ' s structure. 
Table 3.1: Geometrical parameters of gold c o m p o u n d s . 
- Bond Strength (kJ/mol) 
Calculation Method AU-H I Absolute Deviation | Au-Cl Absolute Deviation 
Literature Value ‘ 292.0 (+/-8.0) - 343.0 (+/-9.6) “ 
“ B3P86b 303.0 11.0 — 346.3 3.3 
B3LYpb 292.4 0.4 — 223.9 _ 119.1 
Bond Length (A)  
Calculation Method Au-H Absolute Deviation Au-Cl Absolute Deviation 
Literature Value ° 1.52 - 220 “ 
“ B3P86b 1.55 0.03 “ 2.23 0.03 
B3LYpb 1.56 0.04 2.30 0.10  
R e m a r k s : 
a Experimental results in C R C h a n d b o o k ; 
b L a n L 2 D Z basis sets w e r e adopted in this w o r k . 
In the m o n o m e r ' s calculation, the B 3 P 8 6 functional w a s used in this study 
because of its higher accuracy in the geometrical parameters within the b o n d s 
involving gold ions. A s s h o w n in Table 3.1，there are larger absolute deviations in 
both b o n d strengths a n d b o n d lengths in B 3 L Y P c o m p a r e d to that with B 3 P 8 6 . F o r 
the basis sets, the effective core potential ( E C P ) w a s necessary for the gold a t o m 
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because gold is a third-row transition element a n d has considerable relativistic effect. 
T h e L a n L 2 D Z basis set in Gaussian 9 8 w a s adopted for the entire m o n o m e r , w h i c h 
includes the relativistic effects for gold.^^ 
T h e initial guess o f the m o n o m e r structure w a s first constructed based o n the 
empirical formulae f r o m the elemental analysis in experiment. T h e detail 
information o f the empirical formulae has b e e n illustrated in section 2.2. F o r each 
m o n o m e r structure, the optimized g e o m e t r y , energy a n d vibration frequency w e r e 
obtained. 
In the polymer's calculation, V i e n n a ab-initio Simulation P a c k a g e ( V A S P ) ^ 
w a s e m p l o y e d to obtain the g e o m e t r y o f the repeating unit structures a n d polymer's 
semi-conducting property. T h e P e r d e w - W a n g exchange-correlation functional w a s 
used, w h i c h are available in both V A S P a n d Gaussian 9 8 packages. In the study o f 
this infinite p o l y m e r , Generalized Gradient A p p r o x i m a t i o n a n d Bloch's T h e o r e m 
w e r e applied. T h e Bloch's T h e o r e m w a s applied for the study o f infinite p o l y m e r 
because the periodicity of a crystal can b e u s e d to reduce the infinite n u m b e r o f one-
electron wavefunction. T h e wavefunction can b e simply calculated b y the n u m b e r of 
electrons in the unit cell only. T h e wavefunction is written as follows, 
(3.10) 
In this equation, the first term is wavelike a n d the s e c o n d term is the cell periodic 
part. T h e cell periodic part can b e further expressed as 
崩 严 (3.11) 
G 
C o m b i n g Equation (3.10) a n d Equation (3.11)， 
湖 树 (3.12) 
G 
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T h e wavefunction [Equation (3.12)] here is expressed in terms of a n infinite n u m b e r 
of reciprocal space vectors within the first Brillouin z o n e of the periodic cell, k. A t 
each k-point, the electronic wavefunctions are described in terms of discrete plane 
w a v e basis set. T h e s e are the m a i n idea in Bloch's T h e o r e m a n d Plane w a v e basis 
set. A detail description of both the Bloch's T h e o r e m a n d Plane W a v e Basis Set is 
given in A p p e n d i x III. 
A t first, the optimized m o n o m e r structure obtained f r o m the Gaussian 9 8 
P a c k a g e w a s u s e d as the initial guess structure in the polymer's calculation. T h e 
initial guess structure is placed in the m i d d l e of the supercell (Figure 3.1). 
^：：：:：!, ^ 
r 
； ^ ^ ^ z 
Figure 3.1: T h e initial guess structure of p o l y m e r inside the supercell, w h e r e the 
vectors are the direction vectors o f the supercell. 
T h e supercell here is similar to the unit cell o f the crystal. T h e x a n d y values o f the 
supercell is fixed a n d is large e n o u g h to avoid a n y interaction b e t w e e n each 
polymeric chain. Usually, the smallest separation b e t w e e n the t w o polymeric chains 
should b e larger than 10 人 to prevent a n y interaction. In order to fulfill this 
requirement with the smallest size of the supercell, the porphyrin structure is put in 
the supercell so that the peripheral p h e n y l substituents lie along its diagonal o f the 
xy-plane. F o r the z value of the supercell, it d e p e n d s o n the total b o n d distance o f 
the axial ligands in the initial guess structure. 
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In this case, the electronic wavefunction w a s calculated b y residual 
minimization m e t h o d within the f r a m e w o r k o f closed-shell Generalized Gradient 
A p p r o x i m a t i o n ( G G A ) 3 4 with P e r d e w - W a n g gradient correction to the exchange-
correlation fUnctional.35 F o r the core region, the optimized Vanderbilt ultrasoft 
pseudopotentials36 supplied in the V A S P p a c k a g e w e r e used directly for chlorine, 
cobalt, gold, carbon, nitrogen a n d h y d r o g e n atoms. T h e energy cutoff for the 
electronic calculations w a s 436.8 e V . T h e g e o m e t r y optimizations of the stable 
structures w e r e d o n e b y conjugate gradient or q u a s i - N e w t o n minimization m e t h o d . 
F o r energy curve scanning, o n e k-point ( g a m m a point sampling) w a s used. F o r the 
electronic structure, the optimized repeating unit structure w a s first re-optimized b y 
using eight k-points generated f r o m the automatic k - m e s h generation. F r o m this re-
optimization, the wavefunction a n d charge density w e r e saved a n d w e r e read during 
further scanning o f the b a n d diagram. In the b a n d d i a g r a m , the electronic b a n d 
structure in the First Brillouin Z o n e w a s explored b y scanning the orbital energy 
levels along r to Z ( A p p e n d i x III). 
T h e energy curve o f p o l y m e r is obtained w h e n the energy values are plotted 
against the z values o f the supercell. In the scanning o f energy, the x a n d y values o f 
the supercell r e m a i n fixed a n d the z value is varied. It is expected that there is a n 
energy m i n i m u m in the energy curve, the structure obtained f r o m this m i n i m u m 
point is the optimized repeating unit structure a n d the energy value obtained at this 
point is the energy o f the p o l y m e r . F o r each optimized repeating unit structure, its 
electronic structure is further studied based o n the b a n d d i a g r a m . 
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3.4 Justification for using Gaussian 98 and VASP 
T w o p r o g r a m packages w e r e used in this w o r k because they h a v e their o w n 
characteristics dealing with the molecular systems. Gaussian 9 8 developed since the 
late 60’s. It w a s designed to perform Hartree-Fock (e.g. H F ) a n d Post-Hartree-Fock 
(e.g. M P 2 ) calculations, a n d w a s especially g o o d in dealing with small-sized 
molecular systems. N o w a d a y s , D F T calculation can also b e carried out b y the 
Gaussian p a c k a g e a n d has a w i d e range o f functionality, including g e o m e t r y 
optimization a n d vibration frequency calculation. T h e coupled-perturbed-Hartree-
F o c k method37 w a s available to obtain the analytical solution o f the energy second 
derivatives, w h i c h are used to f o r m the Hessian matrix a n d h e n c e the vibration 
frequencies. S o in our m o n o m e r calculations, Gaussian 9 8 w a s used to perform 
g e o m e t r y optimizations, vibration frequency calculations a n d single point 
calculations. Vibration frequency analysis, with the energetic information, can b e 
used to determine the stability o f the optimized structures. 
Despite its versatility, Gaussian 9 8 cannot b e u s e d to explore the physical 
properties o f the p o l y m e r . T h e First Brillouin z o n e has to b e considered for the 
c o n d e n s e d p h a s e systems, w h i c h will b e described in the Bloch's T h e o r e m in the 
A p p e n d i x III. T h e gas phase calculation cannot represent the w h o l e electronic 
structure o f the extended system because it just represents the electronic structures at 
the g a m m a () point. S o V A S P w a s used to explore the physical properties o f the 
p o l y m e r s . T h e m o n o m e r calculations w e r e not carried out b y V A S P because the 
vibration frequency calculation w a s not available in V A S P . In order to calculate the 
electronic b a n d structure, the energy levels in the First Brillouin z o n e w a s scanned. 
Besides functionality, V A S P is m o r e efficient than the Gaussian p a c k a g e for 
handling big systems. In Gaussian 9 8 , it uses Gaussian-type orbitals as the trial 
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wavefunctions a n d solves the Hartree-Fock equation iteratively. T h e post-Hartree-
F o c k m e t h o d s a n d D F T m e t h o d s differ f r o m the Hartree-Fock equation b y the 
treatment o f the X C effects. T h e computational procedures are similar in these cases. 
In using Gaussian, the Roothaan-Hall equation (3.13) is solved iteratively. 
F C = S C E (3.13) 
w h e r e F is the F o c k operator, C is the coefficient matrix, S is the overlap matrix a n d 
E is the energy eigenvalue. In the F o c k operator [Equation(3.14)], the two-electron 
integrals involve u p to four different basis functions {jLi,v,X,<j\ w h i c h m a y in turn b e 
located at four different centres. 
( " H 义 … - 和 ） (3.14) 
F o r big systems, iterations will b e computational expensive because the n u m b e r o f 
integrals that n e e d s to b e evaluated e x p a n d e d rapidly. 
F o r V A S P , it solves the eigenvalue Equation(3.15) with the trial 
wavefunction (3.16). 
5 { & + 中 - . + 厂 - ( “ , ) + 厂 “ 他 ( “ , > w = 〜 + 。 
(3.15) 
咖 = 2 X “ 严 (3.16) 
G 
A s well, periodic b o u n d a r y conditions h a v e b e e n introduced in the trial function 
(3.16). T h e electron a n d crystal information are expressed in k a n d G vectors 
respectively. M o s t o f the algorithms i m p l e m e n t e d in V A S P are iterative matrix-
diagonalization s c h e m e s . Fast Fourier transform, w h i c h is k n o w n to b e a very 
efficient numerical algorithm, is u s e d to transform the real space a n d k-space 
efficiently. T h e Hamiltonian is operated b y matrix multiplication in real space a n d 
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k-space for the ionic potential a n d electronic Hamiltonian respectively. Within each 
selfconsistency loop, the charge density is used to set u p the Hamiltonian, a n d the 
waveftmctions are optimized iteratively so that they get closer to the exact 
wavefunctions of this Hamiltonian. For big systems, V A S P w a s found to b e m o r e 
efficient than Gaussian. 
3.5 Results and Discussion 
3.5.1 Monomers of TPhP and TPcnP 
3.5.1.1 The Geometry of the Monomer Structures of T P H P and T P C N P 
In general, the structures of porphyrin rings are planar a n d Co(III) porphyrins 
prefer a complete coordination sphere, i.e. six-coordinated g e o m e t r y rather than five-
coordinated so that the entire system b e c o m e s electroneutral.^ T h u s , a planar six-
coordinated C4v porphyrin w a s first constructed with - ( C A O - coordination m o d e as 
the m o n o m e r in T P H P . Its optimized structure is s h o w n in Figure 3.2. 
M蚤 
T o p V i e w Side V i e w 
Monomer I 
Figure 3.2: T h e optimized T P H P m o n o m e r structure in planar C4V g e o m e t r y with -
coordination m o d e . 
There w a s o n e imaginary vibration frequency observed for the M o n o m e r I . 
T h e result indicates that this conformation is not sitting at a local energy m i n i m u m 
a n d is therefore unstable. T h e origin of the vibration m o d e , w h i c h gives rise to the 
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imaginary frequency, is derived f r o m the in-plane phenyl a n d out-of-plane phenyl 
m o d e , w h i c h leads to ruffling motion in the porphyrin. T h u s the lowest energy 
structure should take form(s) with a ruffled porphyrin plane a n d twisted phenyl 
substituents. B a s e d o n these findings, a porphyrin with the non-planar Civ geometry 
w a s constructed, geometry optimized a n d the frequency calculation did not give 
imaginary frequency confirming that the porphyrin with nonplanar C2v geometry is 
stable. T h e optimized structure is s h o w n in Figure 3.3. 
# M ^ “ 
T o p V i e w Side V i e w 
Monomer II 
Figure 3.3: T h e optimized T P h P m o n o m e r structure in ruffled C2v geometry with -
( C 胜 coordination m o d e . 
F r o m Table 3.2, M o n o m e r II is 0.62 kcal/mol lower in energy than 
M o n o m e r I. T h e energy difference is so small that the porphyrin ring m a y flip 
readily b e t w e e n the ruffled a n d planar conformations. Since M o m o m e r II is lower 
in energy, it is adopted for further investigation. 
Table 3.2: Table of energy comparison of the optimized T P h P m o n o m e r structure in 
different geometry.  
Polymer Model Geometry Internal Energy in Different Geometry (hartree) 
Monomer I Planar C4V (hartree) “ -2307.64220 
Monomer I I Non-planar C2V (hartree) -2307.64319 
Energy Difference in (hartree) 0.00099 
Geometry ~ (kcal/mol) 0.6 
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M o n o m e r structure of T P c n P w a s constructed to non-planar C2v g e o m e t r y 
based o n the T P h P skeleton. T h e optimized structure is given in Figure 3.4. F o r this 
non-planar structure, there w a s n o imaginary frequency. T h u s , in both T P h P a n d 
T P C N P , the porphyrins with the non-planar C2V g e o m e t r y w e r e the stable forms. 
T o p V i e w Side V i e w 
M o n o m e r III 
Figure 3.4: T h e optimized T P c n P m o n o m e r structure in ruffled Civ g e o m e t r y with -
(CiV)- coordination m o d e . 
F o r M o n o m e r I，II a n d III，their selected b o n d lengths a n d b o n d angles are 
s h o w n in Table 3.3. C o m p a r i n g all their b o n d lengths a n d b o n d angles, they are all 
similar in values with each other. Exception is the C o - N b o n d in the porphyrin 
plane，which is slightly larger in M o n o m e r I (1.991 人）than both M o n o m e r II 
(1.963 A a n d 1.972 A ) a n d M o n o m e r III (1.963 A a n d 1.972 A ) . In fact, ruffled 
porphyrin has b e e n studied extensively. T h e g e o m e t r y o f the M o n o m e r II a n d 
Monomer I I I are almost the same as that found in D2d ruffled structure.^^ Exception 
is the presence o f axial ligands in the m o d e l s considered here. F o r a D2d ruffled core, 
its g e o m e t r y can b e defined b y the rotation o f the planar pyrrole ring a n d its attached 
pair o f C a - C m bridging b o n d s through an angle ( p around the twofold axis along the 
M - N b o n d . 
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Table 3.3: Table of selected b o n d lengths a n d b o n d angles of M o n o m e r I to III (all 
with - ( C ^ - coordination m o d e ) , w h e r e all b o n d lengths are in 人 a n d all 
angles are in degree. T h e attached top v i e w figure is for identification of 
a t o m s ' position.  
Optimized Monomer x 
Parameter Monomer I | Monomer II | Monomer I I I c ^ ^ ^ c 
Axial Ligand 
Co-Cl 2.288 2.293 2.290 y T i J ^ ^ ^ 
N-Au IJ73 1.963 J } 
C - N — 1 . 1 8 5 ~ 0 8 5 1 . 1 8 5 x - ^ f Y ^ V " ^ - Z l ^ x 
Co-C 1.890 1.889 1.890 ^ V / ^ 
Porphyrin Plane V - W J L / 
Co-N T m 1.963 1.963 人 
1.972 — 1.972 
N-Cg - 1.388 — 1.385 1.384 1 
Cg-Ce - 1.446 一 1.447 1.447 x 
Cb-Cb 1.366 1.368 Top View of CoTPxP 
Cg-Cn, \J95 1.398 
ZN-Co-N ^ 90.1 ~ 89.9 
89.9 — 90.1 
ZCo-N-Ca 127.1 — 126.6 
126.7 127.2 
ZCg-N-Cg ~ 105.4 106.1 106.1 
^N-Cg-Cn, ~ 126.6 126.2 126.1 
ZCVCb-CB— 106.9 106.9 107.0 
ZN-Cg-Cfl 110.3 110.0 110.0 
C^o-Cg-Cn, 123.0 — 123.4 123.6 
ZCorCnrCa 122.2 121.6 121.8 
Peripheral Subsitutent  
Cm-Ci 1.493 1.492 1.490 
Ci-Cp — 1.409 1.409 1.402 
Cp-Cp 1.403 — 1.402 1.398 
1.404 ~ ~ 1.404 1.410 
1.404 1.404 1.410 
1.403 _ 1.403 1.398 
CN - - 1.181 
ZCerCnrQ 118.9 “ 118.3 118.4 — 
118.9 — 119.9 119.8 — 
ZCm-Ci-C。 120.3 - 120.6 — 121.7 — 
120.9 ~ 120.7 119.5 — 
ZCi-Cp-Cp 120.3 120.2 120.8 
120.2 — 120.1 120.8 
ZC„-Ci-Co ~ 118.9 118.8 118.8 
ZCp-Cp-Cp 120.2 — 120.2 120.0 
119.6 119.6 119.6 
120.2 120.1 120.0 
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Indeed, Hoard's analysis s h o w s that porphyrin tends to deform 
spontaneously from planarity for contracted cores. H e has also demonstrated that a 
D2d ruffled core w o u l d allow shortening in the M - N b o n d s without requiring 
substantial alterations in other b o n d distances in the core, thereby relieving the steric 
crowding of the subsitutents.^^ T h e c o m b i n e d rotations require that the C m a t o m s 
should b e displaced alternately a b o v e a n d b e l o w the m e a n plane of the core in 
agreement with symmetry.^^' 40 T h e geometry of the M o n o m e r II a n d M o n o m e r 
III are comparable to those characteristics illustrated above, w h e r e the C o - N b o n d s 
are 0.019 人 a n d 0.028 人 shorter in M o n o m e r II a n d M o n o m e r III (both C o - N 
b o n d s are 1.963 A a n d 1.972 A ) than M o n o m e r I (1.991 A ) respectively. W i t h the 
exception of the large difference obtained for the C o - N b o n d lengths, all other b o n d 
lengths a n d b o n d angles in the core b e t w e e n planar a n d non-planar structures are 
almost the s a m e . H o w e v e r , the C m a t o m s are displaced b y 0.46 人 a n d -0.49 人 in 
T P H P a n d 0.46 A a n d -0.51 人 
in T P c n P relative to the m e a n plane of the core, w h i c h 
are a m o n g the greatest displacement relative to that m e a n plane. F r o m these values, 
the extent of the ruffling motion in the porphyrin ring is almost the s a m e in the 
optimized m o n o m e r structures of both T P H P (Monomer II) a n d T P C N P (Monomer 
III) with ~(C酌-coordination m o d e . 
3.5.1.2. The Axial Coordination Mode of Monomer in T P h P and T P c n P 
A s stated in section 2.3, the p o l y m e r has t w o possible axial coordination 
m o d e s , they are -{CN)- a n d - ( N Q - . T h e non-planar C2v structure with 
coordination m o d e w a s similarly constructed as the M o n o m e r II a n d M o n o m e r III 
in section 3.5.1.1. T h e optimized m o n o m e r structures o f T P h P a n d T P c n P are s h o w n 
in Figure 3.5 a n d Figure 3.6 respectively. 
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^ M ^ 
T o p V i e w Side V i e w 
Monomer IV 
Figure 3.5: T h e optimized T P h P m o n o m e r structure in ruffled C2v g e o m e t r y with -
( N Q - coordination m o d e . 
X % 
^ T o p V i e w 飞 Side V i e w 
Monomer V 
Figure 3.6: T h e optimized T P C N P m o n o m e r structure in ruffled C2v g e o m e t r y with 一 
( N Q - coordination m o d e . 
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Table 3.4: Table of selected b o n d lengths a n d b o n d angles of M o n o m e r I V a n d 
M o n o m e r V (both with - ( N Q - coordination m o d e ) , w h e r e all b o n d 
lengths are in A a n d all angles are in degree. T h e attached top v i e w 
figure is for identification of atoms，position. 
Optimized Monomer  
Parameter Monomer IV | Monomer V ^ J j n 
Axial Ligand ^ pp 
Co-Cl 2.248 2.246 C 丫 Cp 
C-Au “ 1.934 — 1.929 
。N 1-174 ： 1.174 — / 為 /=\ 
Co-N 1.950 I X J " ^ 
Porphyrin Plane J f A 
Co-N 1.968 1.967 
1.976 1.976 — f ^ 
N-Cg 1.387 1.385 “ ^ 
Cg-Cfl 1.447 1.448 x 
Cb-CB 1.368 ~ 1.367 
—— L ^ Top View of CoTPxP 
ZN-Co-N ^ ^  
90.2 90.2 一 
ZCo-N-Ca 126.9 126.9 一 
127.1 127.1 — 
Z C a - N - C a ~ 106.0 “ 106.0 
ZN-Ca-Cm 一 126.0 一 126.0 
ZQx-Cb-CB “ 107.0 — 107.0 
ZN-Cg-Co 110.0 — 110.0 
ZCB-Cg-Cn, 123.8 一 123.4 
乂 - C m - C a 121.7 121.8 
Peripheral Subsitutent  
“ C m - C i 1.492 1.491 一 
Ci-Cp “ 1.409 _ 1.409 
Cp-Cp 1.403 1.398 “ 
1 . 4 0 4 一 1 . 4 1 0 
1.404 “ 1.410 
1.403 1.398 
— C N — - 一 1.181 
ZC„-Cm-Ci 118.5 118.4 
119.7 119.6 -
Z C m - C r C p 121.6 120.2 
120.2 121.6 
^C,-Cp-Cp 120.6 121.0 — 
120.2 120.9 — 
ZCo-Ci-C„ 118.8 一 118.8 
ZCp-Cp-Cp 120.2 120.2 ~ 
- 119.7 119.6 
120.2 120.2 — 
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F r o m Table 3.4，all the b o n d lengths a n d b o n d angles in Monomer IV a n d V 
are almost the s a m e in value without a n y great difference. Table 3.3 in section 
3.5.1.1 a n d Table 3.4 indicate that different axial coordination m o d e will only change 
the corresponding b o n d lengths in the axial ligands without inflicting substantial 
changes in the porphyrin core. For both -{CM)- a n d - ( N C ) - coordination m o d e , all 
the b o n d lengths a n d b o n d angles of the porphyrin plane are almost the s a m e a m o n g 
the m o n o m e r structures. H o w e v e r , in the axial ligands, the C o - C l b o n d s a n d C - N 
b o n d s is shorter in M o n o m e r I V a n d V . This indicates that the - ( N Q - coordination 
m o d e will shorten these t w o bonds. 
M o r e o v e r , f r o m Table 3.5, for the - ( N Q - coordination m o d e , the 
displacements of C m a t o m s f r o m the m e a n plane are smaller in T P H P (0.42 人 a n d -
0.44 A in Monomer IV) and TPCNP (0.42 A and -0.45 人 in Monomer V). This 
suggests that the extent in the ruffling motion has been relaxed c o m p a r e d with 
m o d e l s with -{CN)- coordination m o d e . 
Table 3.5: Table of displacements of C m a t o m s f r o m the m e a n plane of the core of all 
optimized m o n o m e r structures with non-planar C2v geometry. 
Porphyrin Systems Optimized Monomer Displacement of Cm from the Mean Plane (人）  
TPhP Monomer II 一 0.459 -0.491 
Monomer IV 0.415 -0.435 
TPCNP Monomer III 0.456 -0.508 
Monomer V — 0.416 _ -0.454 
F r o m Table 3.6，the energy values of both M o n o m e r I V a n d V h a v e lower 
energy values. F o r T P H P , M o n o m e r I V (-2307.66654 hartree) is 14.7 kcal/mol 
lower in energy than that in Monomer II (-2307.64319 hartree). For TPCNP, 
M o n o m e r V (-2677.37460 hartree) is 15.5 kcal/mol lower in energy than that in 
M o n o m e r III (-2677.34985 hartree). This suggests that both T P H P a n d T P c n P 
prefer - ( N C ) - coordination m o d e in m o n o m e r i c form. 
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Table 3.6: T h e energy values of optimized m o n o m e r structures with Ciy geometry in 
different axial coordination m o d e . 
Energy in Different coordination mode (hartree) Energy Difference in 
Polymer Coordination Mode 
-(CN)- -(NC)- (hartree) (kcal/mol) 
TPHP '-2307.64319 (Monomer II) -2307.66654 (Monomer IV) -0.02335 “ -14.7 一  
TPCNP -2677.34985 (Monomer III) | -2677.37460 (Monomer V) -0.02475 -15.5 — 
3.5.1.3 Comparison between Hybrid DFT and Pure DFT method 
In the polymer's calculation, the closed-shell Generalized Gradient 
Approximation ( G G A ) with P e r d e w - W a n g gradient correction to the exchange-
correlation functional w a s used, w h i c h is a pure D F T m e t h o d . It is different to the 
B 3 P 8 6 m e t h o d in m o n o m e r ' s calculation, w h i c h is a hybrid D F T m e t h o d . Therefore, 
the structures o f M o n o m e r I I to V will b e optimized again b y the use of B P W 9 1 in 
Gaussian 9 8 Package, w h i c h is the s a m e m e t h o d to that in polymer's calculation. 
T h e selected b o n d lengths a n d b o n d angles of M o n o m e r I I to V b y B P W 9 1 are 
s u m m a r i z e d in Table 3.7. 
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Table 3.7: Table of selected b o n d lengths a n d b o n d angles of M o n o m e r II a n d 
M o n o m e r V b y the use of B P W 9 1 calculation m e t h o d , w h e r e all b o n d 
lengths are in A a n d all angles are in degree.  
M o n o m e r II M o n o m e r III M o n o m e r IV M o n o m e r V 
Parameter TPHP [-(CN)-] TPCNP K C N H TPHP \-(NC)-] TPCNP [-(NQT 
B o n d Length(A)  
• Co-N I 2.338 一 2.335 2.285 2.282 
1.999 ~ ~ 1.989 — 1.945 1.938 
N-Cg 1.199 一 1.199 — 1.191 1.190 
Cg-Co 1.871 _ 1.871 1.940 _ 1.942 
1.989 — 1.990 — 1.996 1.996 
Cb-CB 1.980 — 1.988 1.987 _ 
1.400 — 1.401 - 1.402 1.401 
Cg-Cn, 1.456 一 1.456 “ 1.456 1.456 
1-379 - 1.378 ~ 1.378 1.378 
Cm-Ci MIO L409 1.408 1.408 ~ 
1.502 一 1.501 — 1.503 1.501 
Ci-C. U 2 0 U 2 1 — 1.420 1.421 _ 
L l i 3 1.408 ~ ~ 1.413 1.408 _ 
[ A l l L_423 1.415 — 1.423 
CNpara-phenvl ^ 1.195 — I.I95 
B o n d angles (degree) “ 
N-CO-N I 90.0 90.0 90.2 90.1 一 
90.0 一 90.0 89.9 — 89.9 — 
Co-N-Ca 126.9 一 126.9 “ 127.1 127.0 
127.1 — 127.2 一 127.0 127.1 
Ca-N-Ca 1 0 ^ m.9 一 105.8 105.8 一 
N-Ca-Cm 125.8 一 125.7 — 126.0 125.8 
Ca-Cb-Ch 107.2 一 107.1 - 107.1 107 1 
N-Ca-Ch 109.8 — 109.9 ~ ~ 110.0 110.0 
Cb-Ca-Cn, 124.2 — 124.3 ‘ 124.0 124.1 
Ca-Cm-Ca 121.8 122.0 122.0 “ 122:1 
Ca-Cm- Ci 119.7 _ 119.6 - 119.6 119 5 
118.3 一119.6 — 119.5 1194 
__Cm-Ci-Cp 12U — 121.5 — 121.6 
U A A 1 2 a 0 120.2 120.2 ~ 
_Ci-Cp-Cp 12^9 一 120.6 — 120 9 
1200 12Lp 一 120.7 ~ 121.0 
_ C p - C i - C p n o 118.7 ~ ~ 118.8 — 118.7 
_Cp-Cp-Cp 1202 m o 一 120.2 120.0 “ 
U2A U9A 119.6 — 119.4 
120.2 120.0 120.2 120.0 
W h e n the parameters o f the optimized m o n o m e r structures of B 3 P 8 6 a n d 
B P W 9 1 m e t h o d s are c o m p a r e d , the absolute deviations in b o n d lengths a n d b o n d 
angles are small. 
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Table 3.8: Table of average absolute deviations in structural parameters of Monomer  
II to V b e t w e e n BPW91 and B3P86 calculation methods.  
Monomer II Monomer III Monomer IV Monomer V 
Average Absolute Deviation TPHP「-(CAQ-l " T P ^ [-(Cj^-I T P H P " T P ^ [-(NQ-1 
Bond Length (A) 0.0161 0.0169 0.0143 0.0143 
Bond Angle (degree) 0.4 0.2 0.2 0.4 
F r o m Table 3.8，the average absolute deviations of Monomer I I to V in b o n d lengths 
are 0.014 A to 0.017 A a n d those in b o n d angles are 0.2° to 0.4°. T h e average 
absolute deviations b e t w e e n the structures of t w o m e t h o d s are small. This indicates 
that the structure parameters d o not h a v e m u c h c h a n g e n o matter different calculation 
m e t h o d s w e r e used f r o m m o n o m e r ' s to polymer's calculation. 
3.5.1.4 Comparison with Other Porphyrin System 
All the optimized m o n o m e r structures with non-planar Czv g e o m e t r y of both axial 
coordination m o d e in T P h P a n d T P c n P are c o m p a r e d with other Co(III) porphyrin 
systems， such as nitro-a,p,Y,6-tetraphenylporphinato(3,5-lutidine)cobalt(III) 
[02N(3,5-lutidine)CoTPP]. T h e single crystal of the [02N(3,5-lutidine)CoTPP] w a s 
obtained b y the oxidation of nitrosyl-a,p,Y,6-tetraphenylporphinatocobalt in the 
presence o f 3,5-lutidine.^^ Its crystal crystalline in the orthorhombic system with the 
space group Fddl a n d its crystal structure is s h o w n in Figure 3.7. 
Figure 3.7: T h e porphinato core (L.H.S.) a n d the coordination group a t o m s a n d axial 
ligands (R.H.S.) of the 0 2 N ( 3 , 5 - l u t ) C o T P P molecules as it exists in the 
crystal. 
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T h e ruffled porphyrin here closely corresponds to the required point g r o u p 
D 2 d � w h e r e the crystallographic twofold axis passes through the axial C o - N b o n d s 
a n d is perpendicular to the m e a n plane o f the core. Besides, the C m a t o m s are in the 
dihedral mirror planes o f D2d，displaced alternately above a n d b e l o w the m e a n plane 
o f the core in a g r e e m e n t with a S4 s y m m e t r y . W h e n c o m p a r e d with the optimized 
non-planar m o n o m e r structures, such as M o n o m e r II to M o n o m e r V in section 






T h e selected b o n d lengths a n d angles of [02N(3，5-lutidine)CoTPP]4i a n d 
their absolute deviations b e t w e e n [02N(3,5-lutidine)CoTPP] a n d the optimized 
m o n o m e r s with non-planar Czv g e o m e t r y (Monomer II to Monomer V ) are s h o w n 
in Table 3.9. 
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Table 3.9: Table of selected bond lengths and angles of [02N(3,5-lutidine)CoTPP] crystal  
and the absolute deviation between the crystal and M o n o m e r II to V . 
D ‘ A、 " ”， . . . … Absolute Deviation in TPhP and TPpnP ^ 
Parameter OjNfS.S-utidine)CoTPP "T： | u ； T T T " ^  、 ； Monomer II | Monomer IV 丨 Monomer III | Monomer V 
Bond Length (A) ^   
C。-N 1.949(2) 0.014(1.963) 0.019(1.968) 0.014(1.963) 0.018(1.967) 
1.958 (2) (1.972) ~ 0 1 8 (1.976) 1.014(1.972) —0.018(1.976) 
N-C„ 1.372(4) " T o n (1.385) ~0.015 (1.387) 一0.012 (1.384) "0.013 (1.385) 
C«-Cp 1.444(4) —57003 (1.447) 一0.003 (1.447) 0.003(1.447)" 0.004(1.448) 
1-438(4) " T O 0 9 (1.447) 一0.010 (1.447) 0.010(1.447)" 0.009(1.447) 
Cp-Cp 1.356(5) "TO12 (1.368) 一0.012 (1.368) 0.011 (1.368)" 0.011 (1.367) 
1.360(5) ~ 0 0 8 (1.368) —0.008 (1.368) 0.008 (1.368)一 0.007(1.367) 
Ca-Qn 1.404(4) ~ 0 0 4 (1.400) ~0.006 (1.398) 0.006(1.398)" 0.007(1.397) 
1.395 (4) "TO03 (1.398) —0.002(1.397) 0.002(1.397)" 0.003 (1.398) 
Cm-Ci 1.499(5) ~ 0 0 7 (1.492) —0.007(1.492) 0.009 (1.490)一 0.008(1.491) 
1.500(4) ~ 0 0 9 (1.491) 一0.007 (1.493) 0.009 (1.491)一 0.009(1.491) 
Ci-Cp 1.392(6) —0.017(1.409) 0.017 (1.409)~ 0.010(1.402) 0.017(1.409) 
Cp-Cp 1.365 (4) "~0J37 (1.402) ~ 0 3 8 (1.403) "5.033 (1.398) ~0.033 (1.398) 
1.406(8) 0.002(1.404) ~ 0.002 (1.404) . 0.004(1.410)" 0.004(1.410) 
Average Absolute Deviation 0.011 0.012 o ^  
(Bond Length)  
Bond Angle (degree)  
ZN-CO-N 90.1 (1) 0.0(90.1) 0.3(89.9) 0.2(89.9) 0.3(89.9)“ 
89.9 ⑴ 0.0(89.9) ~^3(90.2) ~ 2 (90.1) 0j(9Qj) 
ZC。-N-C« 127.1 (2) 0.0(127.1) 0 . 2 ( 1 ^ 
126.3 (2) 0.4 (126.7) ~ 0.8(127.1)~ 03 ( 1 2 6 j P _ 0 j ( 1 2 7 ^ 
义《-N-C„ 106.4(2) 0.3(106.1) 0.4(106.0) 0.3 (106.1) 一 0.4(106.0)— 
124.9(3) 1.3 (1263r~ 1-1 ( 1 2 6 ~ \2 ( \ 2 6 ^ _ L U n 6 ^ 
125.3 (3) 0-9(126.2) 0.8 (126.1) ~ 0.8(126.1) 0.7 (126.0) 一 
^C„-Cp-Cp 106.7(3) ~ T 2 (106.9) ~~0.3 (107.0) ~ 0.3 (107.0) 一 0.3 (107.0) 
107.1 (3) 0.1(106.9) ~ 0.1 (107.0厂 0.2 Q O g j F " 
ZN-Ca-Cp 110.2(3) 0.2(110.0) 0.2 ( i T ^ ^ 1 0 . 0 ) 0.2(11^：^ 
109.8(3) 0.2(110.0) 0.2(110.0) ~ 0.1(109.9) 0.2(110.0) ~ 
ZCp-C„-C, 124.0(3) 0.6(123.4) 0.2(123.8) ~ 4 (123.6) 0.07l24：^ 
124.8(3) 1-3 (123.5) 1.4(123.6) ~ 0.7(124.1) 0.9 (123.9) ~ 
121.5(3) 0-1 (122.6) ~6.2(121.7) ~ 0.3 (121.8) 0.3(121.8) 
121.8(3) 0.2(122.6) 0.1(121.7) 0.1 (121.7) ~ 0.0(121.8)"" 
120.2(3) 1 . 9 ( u O r " 1 . 7 ( 1 1 8 ~ 
120.0(3) 0.1(119.9) 0.3(119.7) 0.2(119.8) 0.4(119.6) 
乂-Ci-Cp 123.7 (4) 3.1 (120.6) 一2.1 (121.6) 一 2.0 (121.7) 3.5 (120.2) 
119.8(4) 0.9(120.7) 0.4(120.2) 0.3 (119.5) 1.8(121.6) 
ZCi-Cp-Cp 120.1 (4) 0.1 (120.2) 一0.5 (120.6) 一 0.7 (120.8) 0.9 (121.0) 
119.8(6) 0-3 (120.1) 0.4(120.2) ~ 1.0(120.8) 1.1 (120.9)_ 
ZCp-Ci-Cp 119.6(4) 0.8(118.8) 0.8(118.8) ~ T 8 ^ j ^ ^ T j j i r " 
119.3(4) 0.4(118.9) 0.6(118.7) 0.6(118.7) 0.6(118.7) 
〜 C p - C p 120.4(4) 0.2 (120j)_ ] ] T 2 0 2 0 j ) _ 0.4(120.0) 0.2(120.2) 
120.4(6) 0-8 (119.6) 0.7(119.7) 0.8(119.6) " T s T T T g j ^ 
120.6(5) 0.5(120.1) ~ T 4 (120.2) "~0：6 (120.0) ~0：4 (120.2) 
Average Absolute Deviation 06 o!6 ^ ^  
(Bond Angle)  
Remarks : the number in parentheses follow each datum in the [02N(3,5-lutidine)CoTPP] column is 
the^estimated standard deviation in the last significant figure in bond lengths and in units of 
0.1 in angles. 。the number in parentheses follow each datum in the other four columns is 
the corresponding bond lengths and angles of optimized structures. 
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F r o m Table 3.9，both b o n d lengths and angles of Monomer II to Monomer 
V are c o m p a r a b l e to that o f [02N(3,5-lutidine)CoTPP], in w h i c h the average 
absolute deviation in b o n d lengths a n d b o n d angles are 0.11 to 0.12 A a n d 0.6 to 0.7。 
respectively. T h e s e differences are relatively small a n d m a y well b e the results o f 
the presence o f different axial ligands inside the porphyrin systems. 
A p a r t f r o m the c o m p a r i s o n o f b o n d lengths a n d b o n d angles, the 
displacement o f the C m a t o m s f r o m the m e a n planes are also similar. F o r [02N(3，5-
lutidine)CoTPP], the displacement o f the C m a t o m s from the m e a n plane are 0.56 人 
a n d -0.64 A , w h i c h are the largest a m o n g the values o f the optimized m o n o m e r s 
(Monomer II to Monomer V) s u m m a r i z e d in T a b l e 3.5 in section 3.5.1.2. This 
indicates that the extent in ruffling m o t i o n in the optimized m o n o m e r s is smaller a n d 
supports the structures reported here to b e highly plausible. 
3.5.1.4 Summary 
T o s u m m a r i z e , for the optimized g e o m e t r y o f the m o n o m e r s o f T P h P a n d 
T P c n P , a non-planar six-coordinated Civ ruffled structure is obtained. A l t h o u g h 
large e n e r g y difference b e t w e e n the t w o coordination m o d e s [-(CiV)- a n d - ( N C ) - ] 
exist in T P h P a n d T P c n P , h o w e v e r both will b e considered in s u b s e q u e n t p o l y m e r 
calculations b e c a u s e there m a y b e e n e r g y gain or loss f r o m the n e w b o n d formation 
o f A u - C l during the propagation o f m o n o m e r i c units in p o l y m e r . T h u s , the 
preference in the axial coordination m o d e s m a y b e interchanged in the p o l y m e r . 
W h e n the o p t i m i z e d m o n o m e r structures w e r e c o m p a r e d to that o f [02N(3，5_ 
l u t i d i n e ) C o T P P ] crystal, the values o f b o n d lengths a n d b o n d angles are also 
c o m p a r a b l e w i t h relatively small a v e r a g e deviation. 
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3.5.2 Polymers of T P H P and T P C N P 
F o r both T P H P a n d T P C N P , the optimized m o n o m e r structures with the t w o 
axial coordination m o d e s w e r e used as the initial guess structural m o d e l s in the 
p o l y m e r calculation. In each m o d e l , a n energy curve w a s obtained, w h e r e b y the 
energy values are plotted against the z value o f the supercell. F r o m the energy curve, 
the structure obtained at the m i n i m u m point is the optimized repeating unit structure 
in the p o l y m e r a n d the energy value obtained at this point is the energy of the 
p o l y m e r . F o r the solid state calculation, a typical error bar is quoted as +/- 0.1 e V 
(2.3 kcal/mol) in ab initio calculation approach.42 in the first section o f this part, (|i-
pyrazine)(octaethylporphyrinato)iron(II) {[Fe(OEP)pyz]}n w a s studied to illustrate 
the effectiveness o f this approach. 
3.5.2.1 (^-pyrazine)(octaethylporphyrinato)iron(II) {[Fe(OEP)pyz]}„ 
T h e pyrazine-bridged p o l y m e r o f iron(II) w a s synthesized a n d characterized 
b y C o l l m a n et al'^ a n d its structure has b e e n s h o w n (Figure 1.8) previously in section 
1.5 as a n e x a m p l e o f a ligand-bridged stacked porphyrin p o l y m e r system. This 
p o l y m e r is further selected as a demonstration o f D F T calculation here because its 
structure is similar to the p o l y m e r m o d e l s , T P H P a n d T P C N P , in w h i c h it is also 
ligand bridged, stacked a n d is highly conductive with the m a i n difference lies with 
bridging ligands b e t w e e n polymers. In { [ F e ( O E P ) p y z ] } „ , pyrazine was used which 
is a bidentate conjugated organic ligand, but in T P H P and T P C N P , their bridging 
ligands are cyano group, chloride and gold ions. 
T h e m i n i m u m point o n the energy curve o f {[Fe(OEP)pyz]}n s h o w n in Figure 
3.8 demonstrates that the optimized repeating unit is obtained (Figure 3.9) w h e n z = 
6.9 人 . A n o t h e r feature o f this energy curve to note is that a sharp energy well is 
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obtained w h i c h is a requirement for the existence o f p o l y m e r a n d that the sharper a n d 
deeper the energy well, the m o r e stable is the p o l y m e r . Therefore, the s a m e m e t h o d 
will apply to the study o f the p o l y m e r m o d e l s , T P H P a n d T P C N P . 
The energy curve of 
{ [Fe(0EP)(Py2)]n} 
-592.000 I z-value of supercel(A) 
0 F 8 9 
-592.200 ： I 
-592.400 1 • 
5 : ! I 
£ -592.600 I 
i -592.800 I • 
-593.000 \ [ / 
-593.200 V I t 
-593.400— z = 6.9 A 
Figure 3.8: E n e r g y curve o f ( | L i - p y r a z i n e ) ( o c t a e t h y l p o r p h y r i n a t o ) i r o n ( I I ) 
{ [ F e(OEP)pyz]}n. 
X K 
T o p V i e w Side V i e w 
Figure 3.9: T h e optimized repeating unit structure o f (|Li-pyrazine) 
(octaethylporphyrinato)iron(II) { [ F e ( O E P ) p y z ] } „ . 
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3.5.2.2 Energetic Comparison of T P H P and T P C N P with Different Axial 
Coordination Modes 
T h e energy curves of T P h P a n d T P c n P with the both axial coordination 
m o d e s , -(CiV)- a n d - ( N f l - , are s h o w n in Figure 3.10 a n d Figure 3.11 respectively. 
There are energy m i n i m u m points at z = 10.5 人 a n d z = 9.7 人 in T P h P a n d at z = 
10.0 人 a n d z = 9.6 人 in T P c n P with 一 ( Q ^ ) - a n d - ( N Q - coordination m o d e 
respectively. 
The Energy Curve of TPHP with Both Axial 
Coordination Modes 
-562.05 palueofsuperceU (入） 
8 9 I 10 I 11 12 13 
T i l 
-562.15 \ I I -^-{CUY 
\ I I b • " 糾 J 
-562.25 T I I 
卜 \ \ 
\ I z = 10.5 A 
-562.55 \ I 工 
W / 
^ Z = 9.7A 
-562.65 
Figure 3.10: E n e r g y curves of T P h P with both axial coordination m o d e s . 
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The Energy Curve of TPCNP with Both Axial 
Coordination Modes 
__ z-value of supercell (人） 
-Dl^ .bU —r  
8 - 9 I l j 11 12 13 
t i l 「 
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卜。\ \ i 
-613.00 \ 
\ I j^lO.Ok 
-613.10 y y 
z = 9.6 A 
-613.20 
Figure 3.11: E n e r g y curves of T P c n P with both axial coordination m o d e s . 
Table 3.10: Table of energy value of p o l y m e r with different coordination m o d e s in  
TPHP and TPCNP.  
Polymer Model z-value of Supercell (A) Coordination Mode Energy of Polymer (eV) 
TPIIP 10.5 -(CN)- -562.48 
9.7 — -(NC)- -562.60 
Energy Difference in Coordination (eV) 0 J2 
Mode (kcal/mol) 2.9 一 
TPCNP 10.0 -(CN)- -613.00 
9.6 -(NC)- - -613.14 
Energy Difference in Coordination (eV) 014 
Mode (kcal/mol) 3.3 — 
F r o m Table 3.10, the z value of the supercell is larger in the repeating unit 
with -{CN)- coordination m o d e in T P h P (10.5 人）and T P c n P (10.0 人 ) . I n these 
repeating unit structures, the larger the z values of the supercell the longer the C o - C l 
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b o n d linking the axial ligand. T h e values of the energy are lower in the repeating 
unit with the - ( N Q - coordination m o d e , thereby confirming that T P h P a n d T P c n P 
prefer - ( N C ) - rather than the -(CTV)- coordination m o d e . In addition, in both T P H P 
a n d T P C N P , the energy well is deeper in the repeating units with - ( N Q - coordination 
m o d e than that with -(CN)- coordination m o d e . H o w e v e r , for both models, the 
energy difference is small with 2.9 kcal/mol for T P H P a n d 3.3 kcal/mol for T P C N P . 
In reality, these energy differences are so small that both axial coordination m o d e 
m a y coexist thermodynamically in the polymer, i. e. the polymeric chain m a y consist 
of both stable -(CTV)- a n d - ( N Q - coordination m o d e s . 
3.5.2.3 Geometry of the Repeating Units in the Polymer of T P H P and T P C N P 
For T P H P , the optimized repeating unit structure with -(CiV)- coordination 
m o d e is s h o w n in Figure 3.12 with its axial ligands linearly linked along the 
polymeric chain. H o w e v e r , the optimized repeating unit structure with - ( N Q -
coordination m o d e (Figure 3.13) contains bent, non-linear axial coordination m o d e . 
For T P C N P , the optimized repeating unit structures with a n d - ( N Q -
coordination m o d e are s h o w n in Figure 3.14 a n d Figure 3.15 respectively. 
A T o p V i e w Side V i e w 
Figure 3.12: T h e optimized repeating unit structure of T P h P with -(CiV)-
coordination m o d e . In this thesis, Po l ymer I is defined Is the repeating 
unit structure obtained f r o m the use o f M o n o m e r I I . 
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滅 
T o p V i e w Side V i e w 
Figure 3.13: T h e optimized repeating unit structure o f T P H P with - ( N Q -
coordination m o d e . In this thesis, P o l y m e r I I is d e f i n e d a s the 
repeating unit structure obtained from the use o f M o n o m e r I V . 
% w 於 ， 
M % i c i 
m T o p V i e w Side V i e w 
Figure 3.14: T h e optimized repeating unit structure o f T P c n P with -(C^V)-
coordination m o d e . In this thesis, P o l y m e r I I I is d e f i n e d a s the 
repeating unit structure obtained f r o m the use o f M o n o m e r I I I . 
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M 1:1 
Side V i e w 
Figure 3.15: T h e optimized repeating unit structure o f T P c n P with - ( N C ) -
coordination m o d e . In this thesis, P o l y m e r I V is defined as the 
repeating unit structure obtained f r o m the use o f M o n o m e r V . 
F o r the repeating unit structures o f T P H P , in the P o l y m e r II，the bent 
coordination m o d e results m a i n l y f r o m the reverse o f the a t o m s in the c y a n o ( C N ) 
g r o u p , in w h i c h Z N - C - A u is close to linear (177.5。)，as expected, a n d Z C l - C o - N a n d 
/ C o - N - C are smaller, a r o u n d 1 7 0 - 1 7 1° only. A p a r t f r o m the geometric difference in 
axial ligands, the C o - C l b o n d (3.240 A ) is also lengthened in the P o l y m e r I (Table 
3.9). H o w e v e r , the g e o m e t r y o f the porphyrin ring b e t w e e n P o l y m e r I a n d P o l y m e r 
II is almost the s a m e without a n y significant changes. 
F o r the repeating unit structures in T P C N P , the selected b o n d lengths a n d b o n d 
angles are also listed in T a b l e 3.11. P o l y m e r I I I a n d P o l y m e r I V are similar to that 
f o i m d in T P H P , w h e r e the g e o m e t r y o f axial ligands is also different to e a c h other. 
Linear axial coordination m o d e is obtained f r o m the P o l y m e r I I I a n d bent, non-
linear axial coordination m o d e is obtained f r o m the P o l y m e r I V . In addition, the 
C o - C l b o n d is also lengthened in the P o l y m e r I I I . T h e variation in the C o - C l b o n d 
length is m a i n l y f r o m the c h a n g e in z value o f the supercell in different optimized 
repeating unit structures. A m o n g the b o n d s in the axial ligands, the interaction within 
the C o - C l b o n d is the weakest. A g a i n , the g e o m e t r y o f the porphyrin ring s h o w s 
little geometric difference b e t w e e n the repeating units o f both axial coordination 
m o d e . 
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Table 3.11: Table of selected b o n d lengths a n d angles of optimized repeating units of 
both T Ph P a n d TPcnP (Polymer I to IV), w h e r e all b o n d lengths are in A 
a n d all angles are in defflee.  
TP^P TPcnP 
Parameter Polymer I | Polymer II “ Polymer III | Polymer IV 
Axial Ligands  
Co-Cl ~ 3.240 2.601 2.757 2.507 
C-Au ^ 1.940 “ 1.941 
N-Au — 1.972 “ r ^ ~ 
Au-Cl 2.285 “ 2.218 ~ 2.283 1204 
C-N 1.220 — 1.223 • 1.221 1.222 
Co-C 1.782 “ - i W l “ 
Co-N - — 1.830 . - 1.830 
ZCl-Co-C/ ZCl-Co-N 17L8 \122 
ZCo-C-N / ZCo-N-C All angles are linear j^oii All angles are linear  
ZC-N-Au / ZN-C-Au 177.5 
Porphyrin Plane 
Co-N 1.942 1.951 1.957 ^972 
1-951 1.964 1.965 L ^ 
N-Cg 1.415 “ 1.410 — 1.413 “ M M 
Cg-Cp 1.447 “ 1.449 — 1.447 L448 
Cp-Cp 1.446 — 1.380 • 1.378 1.379 
C«-Cm 1.406 — 1.408 1.405 
1.406 1.407 1.405 “ 1.408 一 
ZN-Co-N 89.2 90.2 — 
90-3 89.7 一 90.4 ^ 
ZCo-N-C« 127.4 — 127.5 127.7 1 2 ^ 
128.0 一 127.2 127.8 i m 
^Cg-N-Cg 104.6 — 105.2 104.5 一 
ZN-C„-Cm 125.1 一 125.7 125.4 一 USA 
ZCa-Cp-Cp 107.4 — 107.2 一 107.2 107.3 一 
ZN-CyCp 110.4 110.1 — 110.5 110.1 一 
ZCp-Ca-Cm 124.0 - 123.8 u T j U ^ 
ZCyCm-Qx 121.3 121.5 ~ uTs l U l  
Peripheral Substituents 
Cm-Ci 1.498 1.490 1.494 
Ci-Cp 1-416 “ 1.417 M T S M T ? 
^ 1409 — 1.409 1.406 lAOl 
1.409 一 1.411 1.420 L m 
1.410 1.410 1.420 L m  
1.410 1.407 1.405 r ^ 
^ ：： -- — 1.222 r ^ 
ZCorCnrCi 118.5 117.8 — m l m 2 
118.8 一 118.5 118.4 i K l 
ZCm-CrCp 120.2 123.3 一 f l ^ n u 
121.3 一 121.7 122.1 120.5 
-Cp-Cp 120.6 — 120.4 120.8 
120.7 _ 120.7 120.7 
ZCp-Ci-Cp 118.8 一 119.0 ~ 118.8 • i K s  
ZCp-Cp-Cp 120.1 120.2 一 119.9 一 
119.8 119.8 119.6 n ^ 
120.1 120.1 119.9 \ K 9 
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3.5.2.4 Comparison with Other Porphyrin System 
For each repeating unit structure, its geometry is c o m p a r e d to the crystal 
structure of nitro-a,p,y,6-tetraphenylporphinato(3,5-lutidine)cobalt(III) [02N(3,5-
lutidine)CoTPP]. T h e structural details of this crystal have already been discussed in 
section 3.5.1.3.^' 
T h e deviation in b o n d lengths a n d b o n d angles b e t w e e n [02N(3,5-
lutidine)CoTPP] a n d all the optimized repeating unit structures are listed in Table 
3.12. All the optimized repeating unit structures are comparable to the [02N(3,5-
lutidine)CoTPP] in b o n d lengths a n d b o n d angles, in w h i c h the average absolute 
deviation in bond lengths is 0.14 A to 0.16 A and that in bond angles is 0.6。to 0.8°. 
B o t h b o n d lengths a n d b o n d angles c o m p a r e d well with the structural parameters of 
the crystal structure of [02N(3,5-lutidine)CoTPP]. 
For the axial ligands, their b o n d lengths a n d b o n d angles are comparable to 
that in similar systems such as the isocyanide c o m p l e x e s [ C l A u ( 4 - C = N A r C = C H ) ] 
(Figure 3.16)43 a n d chloro(piperidine)gold ⑴ [ A u C l ( p i p ) ] (Figure 3.17).抖 
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Table 3.12: Table of selected bond lengths and angles of [02N(3,5-lutidine)CoTPP] and the 
absolute deviation between the crystal and our optimized repeating unit 
structures (Po lymer I to IV).  
02N(3，5- Absolute Deviation in TPhP and TPcnP。 
Parameter lutidine)CoTPP ^ ： — T 1—7— 
， Polymer I Polymer II | Polymer III | Polymer IV 
Bond Length (A) ^   
C。-N 1.949(2) 0.007(1.942) 0.002(1.951) 0.008(1.957) 0.023 (1.972) 
1.958 (2) 0.007(1.951) 一0.006 (1.952) ‘ 0.007(1.965)" 0.009(1.967) 
N-Cg 1.372(4) 0.043 (1.415) 0.038 (1.410) 1.041 (1.413) 0.042(1.414) 
C«-Cp 1.444(4) 0.003(1.447) 一0.005 (1.449) • 0.004(1.447)" 0.005 (1.449) 
1.
4 3 8 ( 4 )
 0.008(1.447) ~0.009 (1.449) • 0.009(1.447)" 0.010(1.448) 
Cp-Cp 1.356(5) 0.023 (1.379) 一0.024 (1.380) • 0.022(1.378)" 0.023 (1.379) 
1.360(5) 0.020(1.446) 一0.020 (1.380) “ 0.017(1.377)" 0.019(1.379) 
Ca-Cm 1.404 (4) 0.002(1.406)— 0.004(1.408)— 0.001 (1.405)0.005(1.409) 
1.395(4) 0.011 (1.406) —0.012(1.407) “ 0.010(1.405)" 0.013(1.408) 
Cm-Ci 1.499(5) 0.002(1.501) ~ 0 0 9 (1.490) 一0.006 (1.493) 0.002(1.498) 
1.500(4) 0.002(1.498) ~0：006 (1.494) —0.006(1.494) "0.002 (1.498) 
CrCp 1.392(6) 0.024(1.416) 0.025(1.417) (1.418) 0.025(1.417) 
Cp-Cp 1.365(4) 0.044(1.409) 一0.044 (1.409) • 0.041 (1.406)— 0.036(1.401) 
1.406(8) 0.004(1.410) 一 0.005 (1.411) “ 0.014 (1.420厂 0.014(1.420) 
Average Absolute Deviation 0.014 0.015 oHs o!oT6  
(Bond Length)  
Bond Angle (degree)  
ZN-Co-N 90.1 (1) 0.2(90.3) 0.1 (90.2) 0.3 (90.4) 0.2(90.3)"" 
89.9(1) 0-7(89.2) 0.2(89.7) 0.5 (89.4)一 0.1 (89.8)~ 
/C。-N-C« 127.1 (2) 0.3 ( 1 2 7 . ^ 0 . 4 ( 1 2 7 3 ) ~ 0.6 
126.3 (2) 1.7(128.0) 0.9(127.2) 1.5 ( 1 2 1 ^ " 0.8(127.1) 
ZCerN-C„ 106.4(2) 1.8 (104.6) 一 1.2(105.2) 1.9(104.5) 1.3 (105.1) 
ZN-Ca-C>„ 124.9 ⑶ 0.2(125.1]~ 0.6(1251) o J (T^ . 4 ) _ ^ ^ 5 ( 1 2 5 ^ 
125.3(3) • 0.4(125.7) 一 0.4(125.7)一 0.4(125.7) 0.4 (125.7厂 
ZC„-Cp-Cp 106.7(3) 0.5 (107.2) ~ 0.5(107.2) “ 0.5 (107.2) 0.6(107.3) 
107.1 (3) 0.3 (107.4) 0.2 (107.3) ~ 2 ( 1 0 7 3 j _ _ 0 i 7 j 0 7 j P 
ZN-CorCp 110.2(3) 0.2(110.4) ~00(110.2) 0.3(110.5) 0.0(110.2) 
109.8(3) . 0.5(110.3) - 0.3(110.1) 一 0.6 (110.4) _ _ 0 3 ( l l 0 j ~ 
ZCp-Qx-Cm 124.0 (3) 0.0 (124.0) 5.2 (123.8) — 0.3 (123.7) 0.1 (124.1) 
124.8 (3) . 0.8 (124.0) 一 0.8(124.0) — 0.7 ( 1 2 4 ^ _ 0 £ ( l 2 4 j j ~ 
121.5(3) 0.4(121.1) 0.0(121.5) ~ 0.0(121.5) 0.6(122.1) 
121.8(3) 0.5(121.3) 0.3(121.5) 一 0.1(121.7) 0.3(122.1) 
ZQx-Cm-Ci 120.2(3) 1.7(118.5) ~L7(118.5) 1.9(118.3) 2.0(118.2) 
120.0(3) 一 1.2(118.8) _ 1.5(118.5) 1.6(118.4) “ 1.8(118.2) 
ZCm-Q-Cp 123.7(4) 2.4(121.3) ~ 0.4(123.3)~ ^ ^ j ^ ^ T i r " 
— — [ I M I ^ 0.4(120.2) 一 1.9(121.7) 1.1(119.9) 0.7(120.5) 
ZCi-Cp-Cp 120.1 (4) 0-5 (120.6) 0.6(120.7) 0.7(120.8) 0.7(120.8) 
119.8 (6) 0.9 (120.7) 0.6 (120.4)一 0.9 (120.7) 0.8 (120.6) 
ZCp-Ci-Cp 119.6(4) 0.8(118.8) 0.6(119.0) 0.6(118.8) 0.6(119.0) 
^ I M l ^ 0-5 (118.8) - 0.5(118.8) ~ 0.5(118.8) 0.5(118.8) 
ZCp-Cp-Cp 120.4 (4) 0.3 (120.1) 0.2(120.2) 0.5(119.9) 0.2(120 2) 
i ^ M I ^ 0.6(119.8) 0.6(119.8) 一 0.8(119.6)" 1.0(119.4) 
I M S ^ 0 .5(120.1) 0.5 (120.1) 0 .7(119.9) 0.7(119.9^ 
Average Absolute Deviation 0.8 ^TT"^ n i 
(Bond Angle) 。.， 
Remarks: the number in parentheses follow each datum in the [02N(3,5-lutidine)CoTPP] column is the  
estimated standard deviation in the last significant figure in bond lengths and in units of 0 1。in 
angles. the number in parentheses follow each datum in the other four columns is the 







Figure 3.16: T h e structure ofisocyanide c o m p l e x e s [ C l A u ( 4 - C = N A r C = C H ) ] , with 
C l - A u - C - N coordination w h i c h is highlighted in the rectangular b o x 
(similar to - ( N Q - coordination m o d e in T P h P a n d TPcnP). 
(yCKI ) 
‘ ( )Au(1) 
Yy^) 
C(2)0 A 
Figure 3.17: T h e molecule of chloro(piperidine)gold (I), [AuCl(pip)], with C l - A u - N 
coordination w h i c h is highlighted in the rectangular b o x (similar to -
(QY)- coordination m o d e in T P h P a n d T Pcn P ) . 
T h e isocyanide c o m p l e x e s has C l - A u - C - N coordination in its structure, w h i c h 
is similar to T P h P a n d T P c n P with - ( N C ) - coordination m o d e . Their structural 
parameters are listed in Table 3.13. 
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Table 3.13: Table of selected b o n d lengths a n d b o n d angles of Po lymer I I，Polymer 
I V a n d isocyanide c o m p l e x e s [ C I A u ( 4 - C = N A r C = C H ) ] . All the b o n d 
lengths are in A a n d the b o n d angles are in degree. 
Parameter Polymer I I Polymer IV [ClAu(4-C=NArC=CH)1 ‘ 
Au-Cl 2.218 一 2.204 — 2.254 
A u - C ~ 1.940 1.941 — 1.921 • 
C-N 一 1.223 1.222 1.157 
ZN-C-Au 177.5 176.0 178.2 
F r o m Table 3.13, the differences in the b o n d lengths a n d angles are small, 
exception is the C N bonds, w h i c h is slightly larger in P o l y m e r II (1.223 A ) a n d 
P o l y m e r I V (1.222 A ) to [ C l A u ( 4 - C ^ N A r C ^ C H ) ] (1.157 A ) . T h e C N b o n d is 
strengthened in [ C l A u ( 4 - C = N A r C = C H ) ] because it is linked to a phenyl ring a n d 
involved in a conjugate n system. 
In addition, [AuCl(pip)] (Figure 3.17) can serve as an e x a m p l e for the 
existence o f C l - A u - N coordination w h i c h is similar to the -(CiV)- coordination m o d e 
in Polymer I and Polymer III . The bond length of Au-N is 2.068 A in [AuCl(pip)]， 
w h i c h is only slightly longer than that reported for our optimized repeating units. 
F o r the b o n d s in axial ligands, excluding the C o - C l b o n d w h i c h varies considerably 
in b o n d length, they s h o w little difference w h e n c o m p a r e d with the P o l y m e r I a n d 
Polymer III . 
3.5.2.5 The Electronic Structures of T P h P and TPcnP 
F o r each optimized repeating unit, b a n d diagram w a s used to study its 
electronic structure. T h e b a n d g a p value (Eg) w a s obtained from the b a n d diagram, 
w h i c h is the energy difference b e t w e e n the highest occupied molecular orbital 
( H O M O ) a n d the lowest unoccupied molecular orbital ( L U M O ) within the smallest 
separation. T h e b a n d g a p values obtained will b e c o m p a r e d with the experimental 
values as well as obtained that in other porphyrin systems. 
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T h e b a n d diagrams of the optimized repeating units of T P H P ( P o l y m e r I a n d 
Polymer II) and TPCNP (Polymer I I I and Polymer IV) are shown in Figure 3.18 
a n d Figure 3.19 respectively. T h e b a n d g a p values of P o l y m e r I is 1.57eV, that of 
P o l y m e r II is 0.97eV，that of P o l y m e r III is 1.53eV a n d that of P o l y m e r I V is 
1.0 lev. 
The band diagram of TPHP yAth _ 孙 e band diagram of TPHP nith -
(OT)-coordination mode (NC)-coordination mode | 
-2 k-space _2 k-space 
0.1 0.2 0.3 0.4 0 5 ~ ~ m ~ ( t ? ~ 0 5 ‘ 
-2.5 -2.5 
• ；T ^ ~  
> -3 > -3 -
“ La 
g -3.5 1.57eV § -3.5 0.97eV 
-4 A — 义 一 一 一 _ _ 一 -
V H O M O 
^ M M S ^ ^ j ^ ^ ^ g g — — • ^ 
nr)M() • 
-4.5 ^ J -4.5 _ J 
Polymer I Polymer I I 
Figure 3.18: T h e b a n d diagrams of optimized repeating unit structures of T P H P . 
"1 
The band diagram of TPCNP with The band diagram of TPCNP w t h . 
-(C么)-coordination mode (NC >• coordination mode 
-2.5 H n i r r k-space 
0.1 门 5 - ' I 0.1 0.2 0.3 0.1 ols 
-3 
> -3.5 • � ‘ • -3 .5 
1 . ‘ — L U M O 
卜 i -4 
" 1.53eV 岩 
‘  -4.5 1.0lev 
-5 ^ ^ HOMO_ _ .5 - V HOMO  
-5.5 I 
Polymer I I I Polymer IV 
Figure 3.19: T h e b a n d diagrams of optimized repeating unit structures of TPCNP . 
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T h e H O M O a n d L U M O are mainly localized at the porphyrin core a n d the 
cobalt ion center, axial ligands respectively. W i t h the - ( N Q - axial coordination 
m o d e s in Po l ymer II a n d Po lymer I V , m o r e electrons are accumulated in porphyrin 
core for H O M O , a n d in cobalt center for L U M O . 
F r o m Table 3.14，for both T P H P a n d T P C N P , the b a n d g a p values of the 
repeating unit structures with -(CTV)- coordination m o d e (Polymer I a n d Polymer 
I I I ) are m u c h higher than that with - ( N Q - coordination m o d e (Polymer I I a n d 
Polymer IV). 
Table 3.14: Table of b a n d g a p values.  
Polymer model ~ Bandgap values (eV) 
I Experiment Theoretical 
TPhP Polymer I 1.38 
Polymer II q g j 
TPCNP Polymer III 2.04 ‘ ~il3 
Polymer IV “ ‘ 
Other Semiconducting systems ‘   
[PcFe(bpy)]n 1.44 “ “  
[PcFe(pyz)]n 0.80 一 o : 6 4 — 
Silicon 1.11 一 ..  
Gemanium o . 6 7 ‘     
A s in cofacial stacked polymer, electron always transfers through axial 
polymeric chain.丨？ T h e b a n d g a p values are smaller for the polymers with - ( N Q -
coordination m o d e (Polymer I I a n d Polymer IV) than those with -(CTV)-
coordination m o d e (Polymer I a n d Polymer I I I ) b y 0.5-0.6 e V . This indicates that 
the electron transfer could b e m o r e efficient in polymers with - ( N Q - coordination 
m o d e . 
H o w e v e r， f r o m Table 3.14，the obtained b a n d g a p values are not comparable 
well to the experimental results. For T P H P , the experimental b a n d g a p value, 1.38 
eV，lies b e t w e e n the t w o obtained b a n d g a p values. For T P c n P , the experimental 
b a n d g a p value, 2.04 e V , is higher than the t w o obtained b a n d g a p values. 
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A p a r t f r o m the difference in b a n d g a p values b e t w e e n the experimental 
d e t e r m i n e d values a n d theoretical calculated value, both m e t h o d s h a v e ascertain that 
T P h P a n d T P c n P h a v e semi-conducting property, in w h i c h their b a n d g a p values are 
similar to that o f silicon (Table 3.14).45 T h e s e b a n d g a p values c o n f i r m the X P S 
results discussed in section 2.2. Their b a n d g a p values are also c o m p a r a b l e to that o f 
similar p o l y m e r s y s t e m s s u c h as phthalocyanoiron p o l y m e r o f 4,4-bipyridine 
bridging ligand [PcFe(bpy)]n a n d that o f pyrazine bridging ligand [PcFe(pyz)]n. F o r 
these s y s t e m s , the theoretical b a n d g a p values h a v e b e e n reported b a s e d o n 
calculations carried out using the A m s t e r d a m Density Functional ( A D F 2.3 version) 
program.46 F o r these p o l y m e r s , the difference in b a n d g a p values b e t w e e n 
e x p e r i m e n t a n d calculation are also large. 
In short, these large b a n d g a p differences obtained f r o m this study a n d that 
obtained f r o m the literature indicate that D F T m e t h o d r e m a i n s m o s t l y as a qualitative 
tool for the study o f the structure o f p o l y m e r . 
3.5.2.6 Summary 
F o r both T P H P a n d T P C N P , the repeating units with - ( N Q - coordination 
m o d e (Polymer II a n d Polymer I V ) is l o w e r in e n e r g y than that with the -(CiV)-
coordination m o d e (Polymer I a n d Polymer III). H o w e v e r , the e n e r g y difference is 
so small that b o t h axial coordination m o d e s m a y coexist thermodynically in the 
p o l y m e r . All the o p t i m i z e d repeating unit structures obtained f r o m the e n e r g y curves 
c o m p a r e d well with the [ 0 2 N ( 3 , 5 - l u t i d i n e ) C o T P P ] structure. T h e u s e o f D F T 
m e t h o d is not significant e n o u g h for the electronic structure calculation. Therefore, 
the e n e r g y o f the p o l y m e r should b e u s e d to d e t e r m i n e the m o s t probable f o r m o f the 




T h e C o - P o r - A u p o l y m e r explored in this thesis contains the metalloporphyrin 
linked with bimetallic linkage system, w h i c h is different f r o m other stacked 
metalloporphyrin p o l y m e r systems with bidentate conjugated organic ligands. 
In C o - P o r - A u p o l y m e r , t w o axial coordination m o d e s [-(CT^- a n d - ( N Q - ] are 
studied. In both T P h P a n d T P c n P , the optimized m o n o m e r structures possess ruffled C2v 
g e o m e t r y . B y the use o f the optimized m o n o m e r structures, optimized repeating unit 
structures w e r e obtained from the e n e r g y curves. F o r the repeating unit structures in 
both T P H P a n d T P C N P , the e n e r g y difference b e t w e e n the t w o coordination m o d e s is 
small. This indicates that both axial coordination m o d e s m a y coexist 
t h e r m o d y n a m i c a l l y in the p o l y m e r . T h e axial coordination o f the repeating unit 
structures with - ( N C ) - coordination m o d e is bent while that with - ( C ^ - coordination 
m o d e is linear. In addition, the structural parameters o f all optimized repeating unit 
structures c o m p a r e d well with other Co(III) porphyrin crystal. 
Similar to other metalloporphyrin p o l y m e r , the C o - P o r - A u p o l y m e r also gives 
semi-conducting property, w h i c h w a s d e t e r m i n e d from 4 - p r o b e resistivity m e a s u r e m e n t 
a n d c o n f i r m e d b y b a n d d i a g r a m analysis using D F T calculation. W h e n the experimental 
a n d theoretical b a n d g a p values are c o m p a r e d , there are s o m e differences b e t w e e n t h e m . 
A s least for the s y s t e m explored here, the result o f information obtained f r o m D F T 
m e t h o d r e m a i n s qualitative. 
T h e calculation m e t h o d d e m o n s t r a t e d here c a n b e u s e d as a tool for obtaining a 
qualitative structural o v e r v i e w o f a n infinite p o l y m e r . F r o m the calculation a p p r o a c h 
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adopted here, structural parameters could b e obtained with reasonable confidence, w h i c h 
serves as a n effective alternative structural m e t h o d for the study of infinite p o l y m e r s in 
the polycrystalline/ a m o r p h o u s f o r m . 
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APPENDIX I: The theoretical details of the DFT 
The Hohenberg-Kohn Theorem 
T h e H o h e n b e r g - K o h n theorem^'^' ^ ^ states that if N interacting electrons m o v e in 
an external potential Vext(r)，the ground-state electron density po(r) minimizes the 
functional b e l o w 
E[P\ = FHK[P\^- \p{R)Vextdr (A-I.l) 
the m i n i m u m value of the functional E is E。，which is the exact ground-state electronic 
energy 
Eo[po\ = Fhk\jDO\-^  po{^)VNedr (A-L2) 
A s the complete ground state energy is a functional of the ground state electron density, 
therefore it m u s t b e its individual c o m p o n e n t s a n d the subscript ' N e ' ( V N C ) is used to 
specify the kind of external potential, in w h i c h it is fully defined b y the attraction d u e to 
the nuclei. 
Later L e v / ? g a v e a particularly simple proof of the H o h e n b e r g - K o h n theorem, 
w h i c h is as follows, 
f I \\ 
/ A A A \ 
Eo = m i n min( y/T+VNe + VeeU/] (A-I.3) 
This functional is k n o w n as the L e v y constrained-search formulation, w h i c h w a s 
introduced b y L e v y in 1979.47 T h e expectation value is found b y searching over all 
wavefunctions (\|/) w h i c h correspond to the density p(r). T h e selected wavefunction can 
m i n i m i z e the expectation value of the operator inside. 
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A s the energy f r o m the external potential is determined simply b y the density, 
therefore it is independent of the wavefunction to generate that density. H e n c e , it is the 
s a m e for all wavefunctions integrating to a particular density. T h e kinetic a n d electron-
electron repulsion contributions can b e separated as follows, 
f / … \ f 1 Eo = m i n min{ y/T+Veey/ + p{r)VNedr (A-I.4) 
or, introducing the universal functional 
F[p] = mml\i/T+Veey/) (A-I.5) 
j 
Considering an A^-electron ground state wavefunction (\|/o) w h i c h yields a density po(r) 
a n d minimizes <\}/|f| v|/>. F r o m the definition of the functional E , 
E[p{r)\ = F[p{r)] + \p{r)Ve.,dr = F+ Vex, (A-I.6) 
a n d the Hamiltonian inside is, 
A A 
H = F+Vext (A-I.7) 
E[p(r)] m u s t o b e y the variational principle, w h e r e E[p{r)] > E。(A-I.8). This completes 
the first part of the proof a n d this gives a lower b o u n d o n E[p(r)]. 
F o r the true g r o u n d state density [p。(r)] a n d from the definition of F[p] in 
Equation (A-L5), 
F[poir)]<l^y/Fi/}j (A-I.8) 




w h i c h gives 
E[po{r)]<Eo (A-I.ll) 
W h e n Equation (A-I.ll) c o m b i n e s with Equation (A-I.8)，the final result is obtained, i.e. 
E[po{r)]=Eo (A-I.12) 
The Kohn-Sham Approach 
K o h n a n d S h a m separated the universal functional [Equation (A-I.5)] into three 
distinct parts, 
= (A-I.13) 
w h i c h contains the individual contributions of the kinetic energy, the classical C o u l o m b 
interaction a n d the non-classical portion converting for self-interactions, e x c h a n g e (i.e. 
antisymmetry) a n d electron correlation effects. T h u s , the functional E b e c o m e s 
2 厂丨2 
(A-I.14) 
w h e r e Ts is defined as the exact kinetic energy o f the non-interacting reference system 
with the s a m e density as the real, 
(A-I.15) 
This Ts value doesn't equal to the true kinetic energy o f the interacting s y s t e m e v e n the 
systems share the s a m e density. F o r the exchange-correlation energy, it is defined as 
follows 
Exc [p] ^ {t[p\ - 7； [p]} + (Eee [p] - J\p]j = Tc [p] + 丨[p] (A-1.16) 
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T h e residual part of the true kinetic energy, Tc (which is not covered b y Ts) is simply 
a d d e d to the non-classical electrostatic contributions. In order w o r d s , the exchange-
correlation energy (Exc) is the functional w h i c h contains everything that is u n k n o w n . Exc 
contains not only the non-classical effects of self-interaction correction, e x c h a n g e a n d 
correlation (which are contributions to the potential energy o f the system) but also a 
portion belonging to the kinetic energy. In order to find out Exc, similar to the 
procedures in the Hartree-Fock approximation, the variational principle is applied to find 
out the condition that the orbitals will fulfill for the minimization o f this energy 
expression under the usual constraint here, 
((PiWj) = i^j (A-I.17) 
the resulting equation b e c o m e s 
f 1 \ 
子 V f i = 观 (A-I.18) ‘ 
If the equation is c o m p a r e d with the one-particle equations f r o m the non-interacting 
reference system in the one-electron K o h n - S h a m operator b e l o w (which are usually 
termed as Kohn-Sham orbitals or K S orbitals), 
严 = 一 去 +厂“… （A-I.19) 
Veff is identical to the Vs. 
(A-I.20) 
A R^A 
A s Veff d e p e n d s o n the density a n d thus o n the orbitals, through the C o u l o m b term in 
Equation (A-I.14), therefore, just like the Hartree-Fock equations, the K o h n - S h a m one-
electron equations in Equation (A-I.18) h a v e to b e solved iteratively. T h e Vxc is the 
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potential of the exchange-correlation energy Exc a n d it is simply defined as the 




T h e a b o v e equations provide a n exact m e t h o d for finding the g r o u n d state energy 
of a n interacting system. Unfortunately, in general, the f o r m o f Exc is u n k n o w n a n d its 
exact value has b e e n calculated for a f e w simple systems only. Therefore, Exc is mostly 
c o m m o n l y approximated within the Local Density A p p r o x i m a t i o n ( L D A ) or 
Generalised-Gradient A p p r o x i m a t i o n ( G G A ) . 
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APPENDIX II: The Detail Introduction of Generalized Gradient 
Approximation (GGA) 
F o r m a n y years, the local (spin) density approximation ( L D A ) w a s the only 
approximation available for E^c. This situation c h a n g e d significantly in the early 
eighties w h e n the first successful extensions to the purely local approximation w e r e 
developed. T h e extensions o f the approximation gives not only the information about 
the density p(r) at a particular point (r), but also to the s u p p l e m e n t o f the density with 
the information about the gradient o f the charge density [Vp(r)], in w h i c h can account 
for the n o n - h o m o g e n e i t y o f the true electron density. In other w o r d s , the local density 
approximation is interpreted as the first term of a Taylor expansion o f the uniform 
density a n d it is expected to obtain better approximations o f the exchange-correlation 
functional (Exc) b y extending the series with the next lowest term. T h u s , the following 
functional is obtained with a a n d a ' indicating a a n d p spin, 
�… p. p。、 
(A-II.l) 
This f o r m o f functional is called the gradient expansion approximation ( G E A ) . It 
applies to a m o d e l system w h e r e the density is not uniform, but the density varies 
slowly. Unfortunately, if it is utilized to solve the real molecular p r o b l e m s , the G E A 
does not give the desired i m p r o v e m e n t in accuracy a n d e v e n performs w o r s e than the 
simple local density approximation. It is because the exchange-correlation hole 
associated with a functional such as in Equation (A-II.l) has lost m a n y properties w h i c h 
m a d e the L D A hole physically meaningful. 
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This p r o b l e m w a s solved b y enforcing the restriction w h i c h is valid for the true 
holes a n d also for the hole of the b e y o n d - L D A flinctionals. If there are parts in the G E A 
e x c h a n g e holes w h i c h violate the requirement o f being negative everywhere, just set 
t h e m to zero. In order to h a v e the correct s u m rule behavior, the e x c h a n g e a n d 
correlation holes are truncated such that 
hx{rx\ri) a n d .^(^ ；?^ ) (A-II.2) 
contain o n e a n d zero electron charges respectively. Functionals that include the 
gradients o f the charge density a n d w h e r e the hole constraints h a v e b e e n restored in the 
a b o v e m a n n e r are collectively k n o w n as Generalized Gradient A p p r o x i m a t i o n ( G G A ) . 
T h e s e functionals are the m a i n part o f current D F T a n d can b e generically written as 
E T k ， ] = \ f [ p . ， P p , V p „， N p p )dr (A-II.3) 
In practice, E f ^ (A-II.4) is usually split into its e x c h a n g e a n d correlation contributions 
as follows, 
E G 』 、 E G / 、 E r (A-II.5) 
a n d the approximations for the t w o terms are sought individually. 
T h e e x c h a n g e part is rewritten as 
(A.II.6) 
a 
T h e a r g u m e n t o f the function F is the reduced density gradient for spin a 
“ 小 ^ ^ " ^ ( A . I L 7 ) 
P。 V ) 
Sa is a local inhomogeneity parameter. It a s s u m e s that large values are not only for large 
gradients, but also in regions o f small densities, such as the exponential tails far f r o m the 
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nuclei. O f course, the h o m o g e n e o u s electron gas is characterized b y Sa = 0 everywhere. 
F o r the p o w e r o f p, 4/3 is a d d e d but not just p itself because this can m a k e s。to b e a 
dimensionless quantity: the dimension of the density is the inverse dimension of v o l u m e 
a n d h e n c e [T]'\ Its gradient has therefore dimensions o f [r”. H o w e v e r , this is just the 
s a m e dimension that p^^^ has, because of { [ T Y Y ^ = [r]-^ a n d the desired dimensionless 
reduced gradient is obtained. T h e G G A functionals are mostly local in the mathematical 
sense a n d the value of functional at a point r d e p e n d s only o n information about the 
density [p(F)], its gradient Vp{r) a n d possibly other information at this point a n d is 
independent o f properties o f p(r') at F V r . 
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APPENDIX III: Bloch's Theorem and Plane Wave Basis Set 
F o r p o l y m e r study, the infinite n u m b e r of interacting electrons m o v i n g in the 
static field o f an infinite n u m b e r of ions is required to b e handled. Basically, t w o 
difficulties h a v e to b e o v e r c o m e . A wavefunction for each o f the infinite n u m b e r o f 
electrons has to b e calculated, w h i c h extends over the entire space o f the solid a n d the 
basis set that the wavefunction will b e expressed infinitely. A s the ions in a perfect 
crystal are arranged in a regular periodic w a y at 0 K , therefore, the external potential felt 
b y the electrons will also b e periodic (the period here being the s a m e as the length o f the 
unit cell, I). T h e n the external potential o n an electron can b e expressed as V ( r ) = 
V(r+/). This is the basic requirement for the use o f Bloch's T h e o r e m . B y this theorem, 
it is possible to express the wavefunction o f infinite crystal in terms o f wavefunctions at 
reciprocal space vectors o f Bravais lattice. 
In Bloch's T h e o r e m , it uses the periodicity o f a crystal to reduce the infinite 
n u m b e r o f one-electron wavefunctions. T h e wavefunction is simply calculated b y the 
n u m b e r o f electrons in the unit cell o f the crystal. T h e wavefunction can b e written as 
the product o f a cell periodic part a n d a wavelike part, 
^ ^ ⑶ 補 (A-III.1) 
T h e first term is the wavelike part w h i c h will b e discussed further. T h e second term is 
the cell periodic part o f the wavefunction a n d it can b e expressed b y expanding it into a 
finite n u m b e r o f plane w a v e s w h o s e w a v e vectors are reciprocal lattice vectors o f the 
crystal 
乂 ( 尸 严 （A-III.2) 
G 
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w h e r e G are the reciprocal lattice vectors a n d are defined b y G 7 = 2nm for all /，/ is a 
lattice vector o f the crystal a n d m is a n integer. T h u s , e a c h electronic w a v e f u n c t i o n is 
written as a s u m o f plane w a v e s 
咖 = 1 > / ’ “ 0 7 严 ) ’ (A-III.3) 
G 
B y the use o f B l o c h ' s T h e o r e m , the p r o b l e m o f the infinite n u m b e r o f electrons 
has n o w b e e n m a p p e d onto the p r o b l e m o f expressing the w a v e f u n c t i o n in terms o f a n 
infinite n u m b e r o f reciprocal space vectors within the first Brillouin z o n e o f the periodic 
cell，k. F o r the electronic wavefunctions at e a c h Appoint，they are n o w described in 
terms o f a discrete plane w a v e basis set. Basically this Fourier series is infinite, 
however，the coefficients for the plane w a v e s (c,，k+G) e a c h h a v e a kinetic e n e r g y value as 
follows, 
[ ^ r ^ (A-III.4) 
T h e plane w a v e s with smaller kinetic e n e r g y are typically m o r e important than those 
with extremely high kinetic energy. T h e introduction o f a plane w a v e e n e r g y cut-off 
reduces the basis set to a finite size. This kinetic e n e r g y cut-off will bring a n error in the 
total e n e r g y o f the s y s t e m , but fortunately, it is possible to m a k e this error to b e 
arbitrarily small or insignificant b y using a basis set with larger size. A basis set with 
larger size allows a larger e n e r g y cut-off. In practice, the s y s t e m u n d e r investigation 
determines w h i c h e n e r g y cut-off is used. T h e e x p a n s i o n o f the electronic w a v e f u n c t i o n s 
in terms o f a basis set o f plane w a v e s c a n gain another advantage, i.e. the K o h n - S h a m 
equations c a n b e c o m e particularly simple f o r m . W h e n E q u a t i o n (A-III.3) is substituted 
into the K o h n - S h a m equation b e l o w 
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= (A-IIL5) 
it b e c o m e s , 
^{h^^^ 取 G. + Kon {G - V j q - G,)+ - =明,,+G 
(A-III.6) 
In the f o r m o f Equation (A-III.6)，the reciprocal space representation o f the kinetic 
e n e r g y is diagonal a n d the various potentials c a n b e described in terms o f their Fourier 
c o m p o n e n t s . Since the plane w a v e expansion o f the K o h n - S h a m equations is usually 
solved b y diagonalisation o f the H a m i l t o n i a n matrix w h o s e elements Hk+G，k+G，can b e 
obtained b y the t e r m in curly brackets. It follows that the size o f the H a m i l t o n i a n matrix 
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